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FOREWORD
This Final Report describes the work performed by
Ultras/stems, Inc. during the period 6 June 1975 through
9 July 1976 under Contract NAS3-17829 on Flame Retardant
Polyphosphazenes. The investigations were carried out by
K. L. Paciorek, D. W. Karle, and R. H. Kratzer, project
manager, at the Chemicals and Materials Research Depart-
ment, Irvine, California. The contract was administered
by the NASA Lewis Research Center with Tito T.
Serafini as the project manager.
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1. SUMMARY
I
This is the final report describing work performed by Ultra-
systems, Inc. for the National Aeronautics and Space Administration,
Lewis Research Center, under Contract NAS3-17829.
The objective of the program was to prepare a series of
polymeric compositions intended for use as laminating resins which
would be flame retardant and would not produce toxic products on
oxidative thermal degradation.
The feasibility of preparing such compositions was establish-
ed under Contract NAS3-16768. The approach was to react aliphatic
bisphosphines with triazine diazides whereby phosphazene units
were formed which imparted the desired flame resistance to the end
products. However, only low molecular weight oligomers were ob-
tained and the aliphatic linkages reduced the thermal and oxidative
stability of these materials. In addition, the triazine nuclei present
in the backbone caused the formation of benzonitrile and hydrogen
cyanide upon oxidative thermal degradation.
The goal of the current investigation was to develop a process
yielding high molecular weight phosphazenes and to replace the
aliphatic segments as well as the triazine rings by aromatic moieties
free of heteroatoms. To achieve these objectives the following steps
were taken: (1) the required monomeric species and prepolymers were
synthesized, (2) selected model systems were prepared and studied,
(3) three different processes for the production of high molecular weight
phosphazenes were investigated, (4) the feasibility of producing phospha-
zene modified poiyimides using the PMR technique was established, and
(5) the oxidative thermal behavior, hydrolytic stability, and flam-
mability characteristics were determined on representative compositions.
The monomers synthesized were l,4-bis(diphenyiphosphino)
benzene, 4,4'-bis(diphenylphosphmo)biphenyl, the respective bis -
dichlorophosphoranes, mono-aminophosphazene, bis-aminophos-
phazene, bis-azidophosphazenes, and a model phosphazene,
4N=P$ -*-*-?<£ =N«.
Three polymerization processes leading to phosphazene systems
were investigated: (a) diazide-bisphosphine interaction, (b) bis-dichloro-
phosphorane-diamine condensation, and (c) reaction of a diamine with a
bisphosphine in the presence of carbon tetrachloride followed by base
dehydrohalogenation.
The first process was originally studied under the previous con-
tract, NAS3-16768; current work was directed at varying systematically
reaction parameters with the ultimate goal of producing high molecular
weight materials. Regardless of solvent, temperature, reaction periods,
mode of addition, and stoichiometry the number of repeating units
remained at 3-12. By adding the phosphine into an excess of an azide,
azide terminated "monomeric" compounds were isolated in quantitative
yields. These were characterized by derivatization and were employed
as "extended" monomers or prepolymers in bulk polymerizations, how-
ever, the degree of polymerization did not exceed 7 units.
The polymerizations utilizing the aromatic diamines, p-phenylene-
diamine and 4,4'-methylenediamline, and the bis-dichlorophosphoranes or
the phosphine-carbon-tetrachlonde system resulted only in low molecular
weight compositions, 2-5 units. The products based on the aromatic bis-
phosphines exhibited high thermal stability, no weight loss up to 390°C,
and a char yield of 47% at 600°C.
The phosphine-amine-carbon-tetrachloride process was modified
to synthesize diaminophosphazenes as represented by
H N-*CH $-N=P* -*-*-P$ =N-4CH *-NH which were employed
Z It L & w L
in conjunction with 4,4'-methylenedianilme / the monomethyl ester of
norbornene—2,3-dicarboxylic and the dimethyl ester of 3,3' ,4,4'-
benzophenonetetracarboxylic acid to manufacture flame retardant
polyimide laminates utilizing the PMR process.
2. INTRODUCTION
The flame retardant nature of phosphorus-nitrogen linkages
In conjunction with their low potential for toxic product formation
when subjected to thermal oxidative degradation, as exemplified
in the extreme case by fire, has been fully discussed previously
(ref. 1) and to a degree was substantiated by past investigations
(ref. 1-3).
The previous investigations (ref. 1) were directed at forming
the phosphorus-nitrogen linkages via oxidation of bispnosphines by
diazides. The specific studies involving the reaction of triazine
diazides and bis(diphenylphosphino)alkanes, e.g., l,2-bis(diphenyl-
phosphino)ethane and 1,4-bis(diphenylphosphmo)butane failed to
afford high molecular weight polymers. In addition, the presence of
aliphatic moieties in the backbone imparted inherent oxidative in-
stability, whereas the triazine nucleus was responsible for the traces
of hydrogen cyanide liberated on thermal oxidative decomposition.
One of the objectives of the current program was to determine
the conditions for the diazide-bisphosphine reaction leading to the
formation of high molecular weight polymers. Another objective was
to utilize a true condensation polymerization as, e.g., represented
by a bis-dichlorophosphorane-diamine system to provide high molecular
weight purely aromatic P-N materials free from triazine rings. The
third objective was to synthesize difunctional monomeric phosphazenes
for use as comonomers for the preparation of fire resistant polymers,
which upon oxidative thermal degradation would form only minimal
amounts of toxic products.
3. EXPERIMENTAL DETAILS AND PROCEDURES
All solvents used were reagent grade and were dried and dis-
tilled prior to use. Operations involving moisture or air sensitive
materials were carried out either in an inert atmosphere enclosure
(Vacuum Atmospheres Mattel HE-93B) or under nitrogen by-pass. The
commercially available starting materials were usually purified by
distillation, crystallization, or other appropriate means.
Molecular weights (MW) /rers determined in chloroform
solutions using a Machrolab Osmometer Model 302 at concentrations
of 4-6 mg/ml. Infrared (IR) spectra were recorded on double mulls
(Kel-F oil No. 10 and Nujol) using a Perkin-Elmer Corporation
Infrared Spectrophotometer Model 21. Differential scanning
calorimetry (DSC), differential thermal (DTA), and thermogravimetric
analysis (TGA), were performed on a duPont 951/990 Thermal Analyzer.
All materials synthesized were dried at 100 C or higher in vacuo
before physical and chemical characterization unless their melting point
was lower than this temperature. The melting points of the monomers were
determined in nitrogen filled or evacuated sealed capillaries, the soften-
ing and melting points of the polymers were obtained using a Fisher-Johns
apparatus. The elemental analyses were performed by Schwarzkopf Micro-
analytical Laboratory, Woodside, New York.
Since both the structural formulae and the appropriate
chemical nomenclature for the monomers used during this program are
complex and cumbersome, these compounds have been coded to aid in
clarity of presentation throughout this report. The codes used ars as
follows:
IDA
DPPB
BD3I
PDPB
MDA
PPDA
PA
NE
BTDE
2 , 4-diazido-6-phenyl-s-triazme '
1 , 4-bis (diphenylphosphmo)butane
4,4'-bis(diphenylphosphino)biphenyl
*9P-*-P*£t £
1,4-bis (diphenylphosphino) benzene
4 /4'-methylenediamline
H2N-*-NH2
p-phenylenediamine
H9N-4CH9«-N=P* -*•*-?* =N-4CH*-NH0
£ £» fc £ +* it
bis-aminophosphazene
monomethyl ester of norbornene-2,3-dicarboxylic
acid
dimethyl ester of 3,3',4,4'-benzophenonetetra-
carboxylic acid
3.1 MONOMER AND MODEL SYSTEM SYNTHESES
2,4-Diazido-6-phenyl-s-triazine, TDA
This material was synthesized under the preceding contract
wherein it is fully described (ref. 1).
1,4-Bis(diphenylphosphino)butane, DPPB
This monomer was purchased from Strem Chemicals, Inc.,
Danvers, Massachusetts and was used without further purification,
mp 132-133°C, reported in literature mp 135-136°C (ref.4).
Preparation of 4,4'-bis(diphenylphosphino)biphenyl, BDBI
Following the procedure of Baldwin and Cheng (ref. 5) 74.5 g
(0.24 mol) of 4,4'-dibromobiphenyl were dissolved in 250 ml of dry
tetrahydrofuran and 0.48 mol (145.9 g of a 20.9% solution in hexane)
of n-butyllithium was added at -72 C over a period of 2 hr. After
warming to 0 and recooling to -70 C neat diphenylchlorophosphine
(105.4 g, 0.48'mol) was added over a 2.75 hr period. All operations
were carried out under strict exclusion of oxygen and moisture. After
warming to room temperature the solids were filtered off under nitrogen
and washed with water until a test for halide ion was negative. The
remaining solid was digested under nitrogen with 500 ml methanol for
30 mm, filtered, dried, and recrystallized from tetrahydrofuran giving
pure BDBI (85.7 g, 68.3% yield), mp 192.1 -192.9°C (ref. 6) (192.5-
o194 C). The DSC trace is presented in Figure 1.
Preparation of 1,4-bis(diphenylphosphino)benzene, PDPB
The procedure employed was essentially the same as that des-
cribed by Baldwin and Cheng (ref. 5) for the preparation of 4,4'-bis(di-
phenylphosphmo)biphenyl. Thus to 11.8 g (0.05 mol) of 1,4-dibromo-
benzene dissolved in ether (125 ml) was added under nitrogen by-pass
0.20 mol of n-butyllithium (64.8 g of 20.9% soln. in hexane; diluted
with additional hexane to a total of 125 ml) at 4 C over a period of 45
min. This was followed by 3 hr reflux. Subsequently, the solution
was cooled in an ice bath and diphenylchlorophosphine (22.1 g, 0.1
mol) was added over a period of 35 mm. During addition, formation of
white solid was observed. After cooling this material was filtered off in
an inert atmosphere enclosure giving 31.1 g of product. This material
was then stirred with de-aerated water under nitrogen by-pass. This
treatment was followed by stirring under reflux with methanol. The
insoluble material was subsequently crystallized from benzene-heptane
in an inert atmosphere enclosure giving 14.3 g (64% yield) of 1,4-
bis(dlphenylphosphino)benzene, mp 165.2-167°C (lit, ref. 6, 166-168°C),
The DSC trace is presented in Figure 2.
Preparation of 4,4'-bis(diphenylphosphino)biphenyl-
bis-dichlorophosphorane
Under nitrogen by-pass to a stirred solution of BDBI (5.00 g,
9.568 mmol) in benzene (125 ml) cooled to 0 C was added a previously
prepared solution of chlorine in carbon tetrachloride (30.3 g, contain-
ing 5.37 weight percent of chlorine) over a period of 30 min. The
solid (6.24 g, 98% yield) which formed was filtered in the inert
atmosphere enclosure. It was analyzed for chlorine using sodium
hydroxide hydrolysis followed by Volhard titration. Analysis Found:
Cl, 21.30 Calcd for COCH.QP.C1 A :C1, 21.34%. The infrared spectrumob Zo i 4
of the materiel formed on hydrolysis was identical with that of
authentic BDBI bis-oxide.
Preparation of 1, 4-his(diphenylphosphino)benzene-
bis-dichlorophosphorane
Under a nitrogen by-pass a solution of l,4-bis(diphenyl-
phosphino)benzene (3.0 g, 6.719 mmol) in benzene (60 ml) was treated
with a solution of chlorine in carbon tetrachloride until the yellow
color of the chlorine solution persisted. After about half of the chlorine
solution was added, the reaction mixture became opaque and when
~ 80% of the CU solution had been reacted, a white solid formed. The
reaction solution was then evaporated to dryness on the! vacuum line
in order to remove the excess chlorine. The resulting solid was
washed with carbon tetrachloride in an inert atmosphere enclosure
and then crystallized from acetonitrile to give 1.81 g (46% yield) of
the bis-dichlorophosphorane . Anal. Calcd. for C H, .Cl P. :
,jU i* ** 4 ^
Cl, 24.11. Founded, 23.85.
Preparation of
^via reaction of DPPB with IDA in 1:3 mole ratio
Under nitrogen by-pass to a stirred solution of IDA (3.37 g,
14.069 mmol) in chloroform (40 ml) was added a solution of DPPB (2.0 g,
4.690 mmol) in chloroform (20 ml) over a period of 1 hr. The precipitate
started to form almost immediately. After stirring overnight the insoluble
product (4.41 g, 111% yield assuming the structure
N3"C3N3(*)"N=P-2(CH2)4P*2=N"(*)C3N3"N3) W3S flltered off«
The filtrate on evaporation afforded 1.06 g, (4.431 mmol) of
pure unreacted TDA. Based on the bis-phosphine employed and the TDA
recovered the ratio of the diazide to bis-phosphine in the product formed
was 2.06 : 1.00; which agrees with the 111% yield realized.
The original precipitate could be crystallized from dimethyl
formamide. However, crystallization was accompanied by what appears
to be complex formation as evidenced by a band at 5.95u in the infrared
spectrum of the "crystallized" product. Washing with chloroform and
oheating at 100 C in vacuo or boiling with benzene failed to remove the
5.95^ band in the infrared spectrum.
To remove the last traces of TDA, the original precipitate was
boiled with toluene, filtered hot, and dried. The TGA analysis (Figure 3)
of this treated material showed no weight loss up to 260 C, indicating the
absence of TDA, which starts to decompose at 155 C. The toluene treated
product melted with decomposition at ~ 260 C in agreement with the TGA
results, and its DSC analysis (Figure 4) showed no melting endotherm
at 130°C, the melting point of TDA.
Reaction of N - C N ( * ) - N = P *
with
To establish the structure and composition of
N3-C3N3(*)-N=P*2(CH2)4P*2=N-(*)C3N3-N3, 398.7 mg (0.470 mmol)
were placed into an ampoule with 2.016 g (7.685 mmol} of sublimed
triphenylphosphine. After evacuation and sealing the ampoule was
heated for 1.5 hr at 88-103°C in an oil bath, during which time slight
gassing was observed. This was followed by heating at 114 C in an
oven for 16 hr. The ampoule was cooled and opened to a high vacuum
system and the noncondensible gas, which had formed was collected
in a Sprengel pump and identified as pure nitrogen by mass
spectroscopy. The nitrogen yield was 0.892 mmol or 95.0% of theory.
•
The solids in the ampoule were treated with hot heptane to remove
the large excess of triphenylphosphine and the residua from this
treatment was extracted three times with boiling benzene. The product
thus obtained, mp 160-165°C, exhibited TGA given in Figure 5.
Anal. Calcd. for C00H.0N P -C, 74.76%; H, 5.20%; N, 10.63%;P, 9.40%;o& bo 1U 4
MW, 1317.42. Found: C, 74.58%; H, 5.29%; N, 10.97%, P, 9.14%;
MW, 1290.
Preparation of N.,-C,.N J$)-N=P$,,-<|>-<|>-P<6,.=N-(3>) C.ISLN.6 o~ o c. i — o — j ~3
via reaction of BDBI with TDA in 1:3 mole ratio
In an inert atmosphere enclosure a solution of 4,4'-bis(diphenyl-
phosphino)biphenyl (2.00 g, 3.827 mmol) in chloroform (35 ml) was added
to a solution of 2,4-diazido-6-phenyl-s-triazine (2.75 g, 11.482 mmol)
in chloroform (25 ml) at ambient conditions over a period of 1 hr. After
addition was complete a solid formed. Stirring was continued for 18 hr,
10
the reaction mixture was filtered to give 3.43'g of insoluble material
(94.8% yield, assuming the structure
N.-C,N_(*)-N-P* -*-*-P«- =N-C.N ($)-N ) which exhibited an azide333 2 2 o 3 J
absorption in the infrared. An aliquot (1.00 g) of the above material
-was boiled with toluene (25 ml), filtered hot and dried to give 0.75 g
of material, which no longer exhibited an azide absorption in the
oinfrared spectrum and had a melting point greater than 300 C.
Thermogravimetric analysis (Figure 6) showed a sharp weight loss at
258 C (corresponding to 7.5% of the original weight) which correlated
with-DTA (see Figure 7) exotherm at 249 C. If one assumes the
structure shown above, the weight loss due to azide decomposition
should be 5.9%.
Evaporation of the original reaction solution resulted in the
recovery of 1.10 g of IDA contaminated with the "azide-tenrunated"
product shown above, evaporation of the filtrate from the toluene treat-
ment afforded 0.05 g of IDA.
Reaction of N -C.N. ($)-N=P4L-»4-P* =N-C..N..(g)-N.. with Pft,.J J ~J e, i o~ o~^ J J
To establish the structure and composition of
N3-C3N3(*)-N=P*2-<f-*-P*2=N-C3N3(*)-N3 , 805 mg (0.'852 mmol) of
this compound was treated with sublimed triphenylphosphine, (1.925 g,
7.340 mmol) in vacuo in a sealed ampoule at 139 C in an oven for 24 hr.
After cooling and opening to a vacuum system 1.595 mmol of nitrogen
was collected using a Sprengel pump giving the ratio of
N
3'
C3N3(*)'N=P<V*~*"P*2=N~C3N3(*)~N3 : N2 = 1:1'873' Thus 93-6%
of the expected nitrogen was evolved, proving the above postulated
arrangement.
The solids in the ampoule were extracted
 / triturated with
boiling heptane (4 x 75 ml) and filtered hot to remove the large excess
11
of triphenylphosphine resulting in 1.618 g of product. Two crystallizations
from benzene-heptane afforded
*3P=N-C3N3(*)-N=P*2-*-*-P*2=N-C3N3(*)-N=P«t3, (0.351g, 29.2%
yield), mp 187-190°C, MW 1480 (Galcd. for c90H60NioP4: MW' 1413-5°)-
The DTA curve is given \n Figure 8.
Preparation of
In an inert atmosphere enclosure, a solution of aniline (0.29 g,
3.114 mmol) in acetonitrile (12 ml) was added dropwise at room
temperature to a stirred solution of 4,4'-bis(diphenylphosphino)biphenyl-
bis-dichlorophosphorane (1.00 g, 1.505 mmol) in acetonitrile (50 ml) over
a period of 12 min. After stirring at room temperature for 1.5 hr, tri-
ethylamine (0.63 g, 6 .227 mmol) in acetonitrile (10 ml) was added over
a period of 10 min and the solution was stirred for an additional 19.5 hr.
Subsequent filtration afforded 0.96 g (90.5% yield) of a yellow solid
which crystallized from benzene-heptane to give 0.84 g (79% yield) of
product, mp 229-235 C. Two crystallizations from benzene-heptane
resulted in pure $N=P* -*-<J^P<£ =N* , mp 235-237°C. Anal. Calcd.
for C,0H,0N P., : C, 81.80%; H, 5.43%; N, 3.97%; P, 8.79%,4o 3o 2 2
MW, 704.79. Found: C, 80.63%; H, 5.61%; N, 3.83%; P, 8.26%,
MW, 770. The DTA curve is given in Figure 9 and tha TGA trace is
presented in Figure 10. The endotherm peaking at 238 C in the DTA
corresponds to the observed melting point. Thermogravimetric analysis
(Figure 10) shows an initial weight loss at 220 C, a constant weight
after a loss of 2.5% up to 350°C, and a char yield of 47.5% at 500°C.
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Preparation of j$ P=N-<{CH g-NH via reaction of tri-
O i £•
phenylphosphine with an excess of MDA, 1:5 molar
ratio, in the presence of carbon tetrachloride followed
by triethylarrune treatment
Modifying the procedure of Appal and co-workers (ref. 7,8)
under a nitrogen by-pass a solution of carbon tetrachlon.de (16.2 g,
105.3 mmoi) in dichloromethane (25 ml) was added dropwise to a
stirred solution of triphenylphosphine (25.0 g, 95.3 mmol) and
4,,4'-methylenedianiline (94.2 g, 475 mmol) in dichioromethane
(275 ml) over a period of 22 min. After stirring at room temperature
for 46 hr, the reaction solution was heated under reflux for 2 hr.
Filtration afforded 4.62 g of insoluble material identified as an
amine hydrochloride by infrared spectral analysis. Removal by dis-
tillation of approximately 95% of the solvent from the reaction solution
afforded a semi-solid, which on trituration with 90/10 mixture and
50/50 mixture of ether/acetonitrile and acetonitrile afforded 34.1 g
(72.2% yield) of the solid intermediate, [* P-NH-<?CH $-NHJ^-Cl".
*3 Z 6
Subsequently, a mixture of the intermediate product (34.1 g,
68.9 mmol) and triethylamine (20.9 g, 207 mmoi) in acetonitriie (250 mi)
was stirred at room temperature for 16 hr under a nitrogen by-pass.
Filtration removed 4.59 g (48.5% yield) of white solid identified as
triethylamine hydrochloride by infrared spectroscopy. The reaction
solution was evaporated on the rotary evaporator to give 33.9 g of
solid which was dissolved in chloroform, washed with water, dried
over sodium sulfate and precipitated into a 20-fold volume of petroleum
ether. On standing the solution slowly deposited 5.80 g (9.6% overall
yield) of crystalline *3P=N-<fCH2*-NH2, mp 143-148°C; crystallization
from benzene-heptane gave mp, 146-147.5°C. Anal. Calcd. for
C48H38N2P2:C,81.20%; H, 5.94%; N, 6.11%; P, 6.75%; MW, 458.55.
Found: C, 81.24%; H, 6.50%, N, 5.97%; P, 6.19%; MW, 460.
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The DTA curve is given in Figure 11; the NMR trace is presented in
Figure 12. The ratio of aromatic:aliphatic:amino protons was found
to be 12:1:1 (theory, 11.5:1:1).
Preparation of H,N-3CH,.«fr-N=P<f> -i i 2
via reaction of BDBI with an excess of MDA, 1:10 molar
ratio, in the presence of carbon tstrachloride followed by
triethylamine treatment
Under a nitrogen by-pass, a solution of carbon tetrachloride
(6.0 g, 39.01 mmol) in benzene (25 ml) was added dropwise at room
temperature to a stirred solution of 4,4'-bis(diphenylphosphino)bi-
phenyl (10.0 g, 19.14 mmol) and 4,4'-methylenedianiline (38.0 g, 191.7
mmol) in benzene (175 ml) over a period of 20 min. After stirring at room
temperature for 5 days, the reaction mixture was heated under reflux for
1.5 hr. An oil formed immediately upon heating. After cooling the re-
action solution was decanted from the oil adhering to the sides of the
flask. The oil was then washed with benzene and the washings com-
bined with the reaction solution. Evaporation of the benzene solutions
gave 31.0 g of solid, identified by infrared spectral analysis as being
mostly 4,4'-a»ethylenediamline.
The oil adhering to the sides of the flask was triturated and
stirred with ether giving 15.05 g (79.6% yield) of the intermediate
product ,
+2
 ~[H,N-«tCH-*-NH-P* -*-*-P$- -NH-*CH/,*-NHj& Z Z ft c £
which was stirred with triethylamine (24.30 g, 240.2 mmol) and chloro-
form (100 ml) at room temperature for 24 hr under nitrogen by-pass.
This was followed by heating under reflux for 5 hr. The solution was
subsequently washed with water and after drying over sodium sulfate
it was precipated into petroleum ether. The solid thus obtained was
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treated with ethyl ether and dried in vacuo giving 6.31 g( (36% overall
yield) of the desired product,
H_N-*CH.*-N=P* -4-4-P* =N-tCH,,#-NH7, mp 132-134°C. Anal."2 « Z L L i .
Calcd. for C C < ,H C O N .P.: C, 81.38%; H, 5.72%; N, 6.12%; P, 6.77%;o<d 5Z 4 Z
MW, 915.07. Found: C, 79.62%; H, 5.85%; N, 5.51%; P, 7,.'07%;
MW, 940. The NMR trace is presented in Figure 13. The ratio of
aromatic:aliphatic:amino protons was found to be 11.9:1:1 (theory,
11.0:1:1).
Preparation of monomethyl ester of 5-norbornene-
2\, 3-dicarboxylic acid
The monomethyl ester of 5-norbornene-2,3-dicarboxylic acid
was prepared in 82.9% yield from 5-norbornene-2,3-dicarboxylic
anhydride (97.75 g, 0.595 mol), and anhydrous methanol (26.26 g,
0.820 mol) using a slight modification of the method of Walton (ref. 9).
The slight modification consisted of crystallization of the crude re-
action product from benzene-petroleum ether. After thorough drying
in vacuo for 12 hr at room temperature, the product had mp 98-100 C,
(ref. 9), mp 102-103°C.
3.2 POLYMERIZATION STUDIES
3.2.1 Phosphina-Azide Solution Studies
All phosphine-TDA solution studies were conducted under a
dry nitrogen atmosphere, either in an inert atmosphere enclosure or
under a nitrogen by-pass. Equimolar and nonequimolar reactions were
performed using normal and inverse addition modes. In the normal
addition mode, azide solution was added to the phosphine solution;
in the inverse addition mode, phosphine was added to the azide. A
typical phosphine-azide reaction is described below. Specific reaction
conditions, stoichiometries, addition modes, properties, yields, etc.,
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are listed in Tables I and II. The representative TGA curve of each of
the systems studied are given in Figures 14-16.
Typical procedure for TDA-phosphine reactions
Inside the inert atmosphere chamber DPPB (2.0 g, 4 .69 mmol)
was placed in a 200 ml round bottom flask and dissolved in chloroform
(20 ml). With stirring a solution of 1.12 g (4.69 mmol) of IDA in
chloroform (20 ml) was added at room temperature over a 45 mm period.
Stirring at room temperature was continued for 3.5 hr before the pro-
duct was precipitated (if required, after filtration of reaction medium
insoluble material) by pouring the reaction mixture into 200 ml of dry
n-heptane. The solid products collected by filtration were washed
with two 20 ml portions of heptane and dried for a minimum 8 hr at
100 C on a high vacuum line.
3.2.2 Phosphme-Azide Bulk Reactions
Reactions of 1 ,4-bis(diphenylphosphino) butane with
a) Equimolar ratio. The reaction ter.perature was selected
based on differential thermal analysis (DSC) of the mixture (see Figure
17) wherein a reaction exotherm with a maximum at 155 C is indicative
of the occurrence of reaction. Accordingly, an ampoule was charged
with DPPB (250 mg , 0.586 mmol) and
N3-C3N3(*)-N=P*2-(CH2)4-P# =N-C3N3(*)-N3 (500 mg, 0.589 mmol)
in an inert atmosphere enclosure. The mixture was then evacuated and
heated in vacuo at 151-165 C until gas evolution ceased (2 hr). The
noncondensible gas was collected in a Sprengel pump and identified
as pure nitrogen by mass spectroscopy. The nitrogen yield was
0.799 mmol (67.8% of theory), showing clearly that the reaction was
incomplete.
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The involatiie product consisted of a mixture of white solid
and a red brown glassy material. The white solid (99.5 mg), was
mechanically separated from the mixture and identified by its infrared
spectrum as unreacted N3-C3N3(*)-N=P*2-(CH2) -P*2=N-C3N3(*)-N3.
The red brown glassy solid (602.4 mg) was treated with chloroform (10 ml),
filtered to remove additional 10.6 mg of unreacted diazide and .pre-
cipitated into heptane. The solid thus obtained (374.2 mg, 66.8% yield),
sp 140 C; mp 155-165 C; MW 4400 (corresponding to 7.3 units of re-
peating segment) exhibited an infrared spectrum and T.GA curve typical
of the products of the reaction of 2,4-diazo-6-phenyl-s-triazme and
1,4-bis (diphenylphosphino)butane.
The heptane filtrate on standing afforded 10 mg of the un-
reacted 1,4-bis (diphenylphosphino)butans in ths form of its oxide.
The yield of the "polymeric" product is in fairly good agreement with
the evolved nitrogen (67.8%) and the incompleteness of the reaction
is shown by starting materials recovery.
b) 3: 2.1 Molar ratio. In an inert atmosphere an ampoule was
charged with Ng-CgN (ff)-N=P*2-(CH2)4-P*2=N-C3N3(*)-N3, (521.3 mg,
0.614 mmol), and DPPB (840 mg, 1.970 mmol). After evacuation on the
vacuum line, the mixture was heated for 1.25 hr at 153-158 C until gas
evolution ceased. The glassy amber product was then treated with
chloroform (15 ml) , filtered to remove a trace of insoluble material,
precipitated into heptane and collected by filtration. The product ob-
tained, 701 mg (93.6% yield; based on the azide employed) , sp 118°C,
mp 124-134 C, MW, 2400 (corresponding to 4 anits of the repeating
segment), exhibited an infrared spectrum and TGA trace closely
related if not identical with those given by the material described in (a).
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From the filtrate the excess of starting material, DPPB, was
partially recovered in the form of its oxide (423 mg; 68% of the ex-
cess employed).
c) 10:1 Molar ratio. In an inert atmosphere an ampoule was
charged with N3-C3N3(*)-N=P*2-(CH2) -P*2=N-C3'N3(*)-N3 (0.50 g,
.589 mmol) and DPPB (2.55 g, 5.979 mmol). After evacuation on the
vacuum line, the mixture was heated for 1.7 hr at 150-160 C until gas
evolution ceased. To remove unreacted DPPB the hard glassy product
was extracted and triturated with boiling heptane (4 x 75 mi) and
filtered hot in an inert atmosphere. The heptane insoluble material
(0.86 g, 88.8% yield) was then crystallized from benzene-heptane to
give the desired extended bis-phosphine, mp 148-150 C; MW, 1620
(calcd. for G102H94NioP6 : MW' 1645-79)-
3.2.3 Dichlorophosphorane-Amine Reactions
Reactions of 4 ,4'-bis(diphen/iphosphino)biphenyl-bis-
dichlorophosphorane with 4,4'-methyienedianiline
Following are described two typical stoichiometric reactions
(normal-and irverse addition modes), of 4,4'-bis(diphenylphosphmo)-
biphenyl-bis-dichlorophosphorane with 4,4'-methyienedianiline.
Specific reaction conditions, stoichiometries, addition modes, etc.,
are listed in Table III while physical constants, molecular weights,
etc., are described in Table IV. The representative TGA scans are
given in Figures 18-20.
a) Normal addition. A solution of 4,4'-methylenedianiline
(0.299 g, 1.505 mmol) in acetonitrile (10 ml) was added dropwise to a
stirred solution of 4,4'-bis(diphenylphosphino)biphenyl-bis-dichloro-
phosphorane (1.00 g, 1.505 mmol) in acetonitrile (40 ml) over a period
of 10 min. A white solid formed immediately and the reaction solution
became very viscous. Stirring was continued for 1.5 hr, then
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triethylanune (0.61 g, 6.028 tnmol) in acetorutrile (5 ml) was quickly
added. A yellow solid formed immediately. The reaction mixture
was stirred at room temperature for 0.75 hr and then heated under
reflux for 1.5 hr under nitrogen by-pass. After cooling, filtration in
an inert atmosphere enclosure afforded a yellow solid (0.93 g,
"86.1% yield). Evaporation of the original reaction solution to dryness
afforded an additional 0.64 g of a solid residue which consisted mostly
of'amine hydrochloride. The original insoluble yellow solid was
stirred with water for 1 hr, collected, washed with additional water
and dried to give 0.84 g (77.8% yield) of product. Only a trace (0.06 g,
5.4% yield) of reaction medium soluble material was obtained.
*
b) Inverse addition. A solution of 4,4'-bis(diphenylphosphino)
biphenyl-bis--dichlorophosphorane {1.03 g, 1.550 mmol) in acetonitrile
(50 ml) was added at room temperature dropwise to a stirred solution of
4,4'-methylenedianiline (0.370 g, 1.550 mmol) and triethylamine (0.81 g,
8.006 mmol) in benzene (25 ml) over a period of 1.5 hr. During the
addition, an orange oil separated. After stirring at ambient conditions
for 68.5 hr, the reaction solution was decanted from the orange oil
and evaporated on the vacuum line. The residue was stirred with water,
collected, and dried giving 0.56 g (50.3% yield) of product.
The orange oil was stirred with heptane (50 ml) in the inert
atmosphere enclosure for 1 hr whereupon it solidified. Treatment with
water following the procedure described above gave 0 .27g (26% yield)
of product.
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Reaction of 4, 4'-bis(diphenylphosphino)biphenyl-bis-
dichlorophosphorane with p-phenylenediamine in
acetonitrile in the presence of triethyiamme
In an inert atmosphere enclosure a solution of p-phenylene-
diamine (0.204 g,' 1.887 mmol) in acetonitrile (15 ml) was added
dropwise, at room temperature to a stirred solution of 4,4'-bis(di-
phenylphosphino)biphenyl-bis-dichlorophosphorane (1.25 g, 1.881 mmol)
in acetonitrile (60 ml) over a period of 15 min. A tan solid slowly
formed. After stirring at room temperature for 2.5 hr, triethylamine
(0.77 g, 7.610 mmol) in acetonitrile (10 ml) was added over a period
of 10 min. The reaction mixture was stirred at room temperature for
0.75 hr and then heated under reflux for 1.5 hr under a nitrogen by-
pass. A dark brown solid which formed was scraped out, stirred with
water, and after drying gave 0.99 g (83.9% yield) of product, sp 240,
mp 250-260 C, MW 3300, (corresponding to 5.2 units of the repeating
segment, f=N<fN=P<f -*-<£-P$H. The TGA curve presented in Figure
21 shows very slight weight gain in the 300-350°C region, an initial
weight loss at 363 C, and a char yield of 65.7% at 500 C.
Reaction of 1, 4-bis(diphenylphosphino)benzene-bis-
dichlorophosphorane with 4,4'-methvlenedianiline in
acetonitrile in the presence of triethylamme
In an inert atmosphere enclosure, a solution of 4,4'-methyl-
enedianiline (0.166 g, 0.839 mmol) in acetonitrile (15 ml) was added
dropwise to a stirred solution of l,4-bis(diphenylphosphino)-
benzene-bis-dichlorophosphorane (0.49 g, 0.833 mmol) in acetonitrile
(50 ml) over a period of 10 mm. A white solid formed immediately.
After stirring for 2 hr, triethylamine (0.35 g, 3.459 mmol) in acetonitrile
(10 ml) was added over a period of 5 min. A yellow solid formed
immediately. The reaction mixture was stirred at room temperature'for
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0.75 hr and then heated under reflux for 1.5 hr under nitrpgen by-pass.
The yellow solid was stirred with water and after drying, gave 0.37 g
(69.3% yield) of material, sp 195°, mp 199-205°C; MW, 2350 (which
corresponds to 3.7 units of the repeating segment
=|=N<fCH9*N=P<t9-<&-P*J=). Thermogravimetrie analysis (Figure 22)
shows a slight weight gain in the 225-340 C region, an initial weight
loss at 340°C and a char yield of 65% at 500°C.
3.2.4 Reaction of 4<4'-bis(diphenylphosphino)biphenyl with
4,4'-methylenedianiline, 1:1 molar ratio: in the presence
of carbon tetrachloride followed by triethylamme treatment
Under a nitrogen by-pass a solution of carbon tetrachloride
(0.72 g, 4.7 mmol) in dichloromethane (7 ml) was added dropwise to a
stirred solution of BDBI (1.00 g, 1.91 mmol) and MDA (0.38 g, 1.92
mmol) in dichloromethane (20 ml) over a period of 10 mm. After stirring
at room temperature for 74.5 hr, the reaction solution was evaporated
to dryness and the yellow residue, 1.61 g, was stirred under nitrogen
by-pass with tnethylamine (1.08 g, 10.7 mmol) in acetonitrile (25 ml)
for 42.5 hr at room temperature; this %vas followed by a 3 hr reflux.
The solid product which separated out was'washed with acetonitrile,
dissolved in chloroform (25 ml), washed with water, dried over sodium
sulfate, and precipitated into heptane to afford a light yellow solid
(0,70 g, 48.3% yield), mp 177-183°C; MW, 1800 (this corresponds to
2.5 units of the repeating segment §=N*CH,,<5?N=P<1> -$-<5>-P<!>J=). Based
L L t*
on TGA trace and infrared spectral analysis the material is essentially
the same as that isolated from the stoichiometric reactions of
4,4'-bis(diphenylphosphino)-biphenyl-bis-dichlorophosphorane with
4,4'-methylenedianiline.
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3.3 DEGRADATION STUDIES
Thermal degradation of
and characterization of the resulting product
To determine the nature of the products formed during the , sharp
weight loss observed at ~ 265 C during thermogravimetric analysis of
this bis-azide terminated intermediate (see Figure 3)/ a 580.0 mg
(0.683 mmol) sample was placed in an ~ 25 ml ampoule equipped with
constriction. After drying at 80 C under high vacuum for 1.5 hr to re-
move possibly adsorbed solvents or moisture the ampoule was sealed
at the constriction and placed for 30 mm into a furnace preheated to
275 C. The ampoule then was cooled with liquid nitrogen, opened
to the high vacuum system, and 1.375 mmol of a noncondensible gas,
identified as nitrogen by mass spectroscopy, were collected in a
Sprengel pump. This corresponds to a ratio of N_: "N -x-N " =I o 3
1.375:0.683 = 2.012:1. In addition to the nitrogen, a 14.8 mg
sample of a liquid condensible at -78 C was obtained, which consisted
of ~ 90% chloroform and ~ 10% toluene, based on mass spectroscopy.
Both of these materials had been used as solvents during preparation
and purification of the sample, thus apparently have remained adsorbed
despite the above described drying.
The residue remaining in the ampoule weighed 518.8 mg,
which corresponds to a weight loss of 61.2 mg or 10.55%. This weight
loss compares favorably to that observed in the TGA (Figure 3) of the
bis-azide terminated material. The residue was a hard, black, glassy
/3
solid, sp 228, mp 244-250 C. It was soluble in hot chloroform and
partially soluble in hot benzene, acatonitrile, and toluene. Its infra-
red spectrum showed similarities to the materials isolated from the
normal reactions of 2 ,4-diazido-6-phenyl-s-tnazm3 and l,4-bis(di-
phenylphosphino)butane .
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An aliquot (181.2 mg) of the residue was dissolved in chloro-
form, filtered, precipitated into heptane, collected by filtration giving
after drying 36.4 mg (75.2% recovery) of material, mp 185-216 C,
MW, 2600 (corresponding to 3.3 units of the repeating segment
*N-C N,(*)-N=P* -(CHJ -P« =N-C,N,(*)-NM exhibited a TGA33 £ L 4 i o
curve (see Figure 23) which showed at 500 C a significantly larger
char yield than the usual =fl?$ (CH ) P$ =N-C_N (*)-N§= polymer
2 Z 4 Z \5 J X
e.g. , 35% versus 21% (compare Figures 23 and 14). Based on infrared
spectral analysis the material contains amino and possibly azido or
nitrile groups.
Qxidative thermal decomposition of
•CN-C, N , («E)-N=P$. -
w O £>
Using the sealed tube technique (ref . 10) the medium insoluble
phosphazene, prepared in Test No. 4, Table I, was subjected to oxidative
thermal degradation. Thus, into the heating finger of the 2-liter flask were
placed 1036.3 mg of the sample and the flask was evacuated. Then
52.5 mmoles of synthetic air (free of COj were introduced and the
flask closed, followed by heating at 420 C for 30 mm. After cooling to
room temperature the liquid nitrogen noncondensibie gases were collected
with a Sprengelpump and the room temperature volatile products were
separated into fractions condensing at 0, -23, -78, and -196 C. Each
fraction was quantitatively analyzed using infrared spectroscopy and
combined gas chromatography-mass spectroscopy. The hard, black
residue remaining in the finger amounted to 902.2 mg which corresponds
to a 134.1 mg (12.94%) weight loss. The weight of the volatile pro-
ducts recovered was 112.9 mg, thus 84.2% of the total products formed
were accounted for. The quantitative product distribution is given in
Table V.
23
Hydrolytic stability of <EN=P$,.-<g>-$-P$ ,=N«frz £ ——
The model compound, $N=P<L-*~f-P$2=N*, (19.5 mg) was
stirred with boiling water (10 ml) for 3 hr, collected and dried to give
16.4 mg (84%) of recovered material, which exhibited an infrared
spectrum and DTA curve identical with that of the original sample.
3.4 POLYIMIDE COMPOSITE FABRICATION
The successful synthesis of an amino terminated phosphazene
undar this program provided the opportunity to prepare phosphazene
modified polyimides which would be expected to be less flammable and
should form smaller amounts of toxic products upon oxidative thermal
degradation than compositions not containing the phosphazene units.
The resin system chosen to determine the validity of this hypothesis
was that composed of BTDE, NE, and MDA, which was prepared
using the technique of polymerization of monomeric reactants (ref. 11-13),
The formulated molecular weight (FMW) of the unmodified composition
was 1500. The modified version was prepared by replacing a part of
MDA by the ammo terminated phosphazene PA, using throughout these
studies a ratio of MDArPA = 3:2. By employing the same molar ratios
of tetraacid : diacid : diamine as in the unmodified composition, the FMW
of the phosphazene modified system thus became 2387.
The amino terminated phosphazene PA and the monomethyl ester of
nadic acid, NE, were prepared as described in Section 3.1. MDA was
recrystallized three times inside an inert atmosphere chamber from
benzene, adding charcoal in the first two crystallizations, mp 91-92.5 C
of the purified material. The dimethylester of benzophenone tetra-
carboxylic acid, BTDE, was prepared freshly by refluxing for 2 hr
a solution of benzophenone-tetracarboxylic dianhydride in such a
quantity of methanol that the resulting solution contained 50% by weight
of BTDE.
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After cooling to room temperature to this solution of BTDE in
methanol were added NE, MDA or a 3:2 molar mixture of MDA and
PA and methanol to produce a 50% solution of the comonomers in
the molar ratios BTDE:MDA:NE for the unmodified resin and
BTDE: (3/5 MDA + 2/5 PA): NE for the phosphazene modified version
of 2.087:3.087:2. The resulting mixtures were stirred until solution
was complete and then used directly by pouring onto weighed 4" x 4"
pieces of heat treated style 181 E-glass supported on Mylar film.
The viscous solution was worked into the glass fabric with a wide
spatula to produce prepregs of 30-40% resin content. The individual
i
prepregs were then air dried for 1 hr at room temperature followed by
drying in an air circulating oven at 120 F for an additional 1 hr to
reduce the volatiles content to 9-12% (see Table VI). The desired
number of plies (3 or 12) was then placed into a preforming mold
and imidized at 250 P for 3 hr under an aophed pressure of 0.1-0.3
psi. This treatment reduced the voiatiies content to 2-5% (see Table
VI) as determined by measuring the weight loss of a specimen during
exposure to 600 F in air for a period of 2 hr.
Composites were then molded (ref. 17) by placing the stack of
imidized plies into a mold preheated to 450°F. After a 10 min.
dwell time to further reduce the volatiles content a pressure of 500
psi was applied and the temperature increased to 600 F at a rate of
3 F/min. This temperature and pressure were then maintained for 1
hr, after which time the temperature was lowered to 500 F followed by
reducing the pressure to 250 psi. After the platen temperature had
dropped to 400 F the pressure was released to contact pressure and the
mold allowed to cool to room temperature. In this manner two 3-ply and
three-12-ply laminates were prepared with each of the unmodified
and modified resin systems (see Table VI).
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3 .5 COMPOSITE TESTING
Flexural strength tests were performed using a 3 point loading
fixture with a fixed span of 2 inches. The thicknesses of the laminates
ranged from 0.070 to 0.085 inch. The resultant span/depth ratio used
ranged from 24 to 29. The rate of center loading for flexural testing was
0.05 inch/min. Interlaminar shear strength tests were conducted at a
constant span/depth ratio of 5. Elevated temperature tests were per-
formed in an environmental heating chamber. For the flexural and shear
tests the load was applied after a 15 minute soak at the test temperature.
The results of the flexural strength and the interiaminar shear strength
tests are summarized in Table VII. The data presented there are averages
of 3 or more tests under each condition.
For the burn-through tests all 3-ply laminates prepared under
this program (see Table VI, laminates No. 1 and 2 and No. 6 and 7)
were mounted vertically and perpendicular to a natural gas/oxygen
flame adjusted to 45 mm length. The distance between burner tip and
test specimen surface was 35 mm, the largest flame diameter was ~ 6 mm.
The natural gas/oxygen ratio was stoichioirftric for all practical purposes;
the adiabatic flame temperature was ~ 2700 C. Burn-through time was
taken as the interval between exposure to the flame and the appearance
of a brightly glowing pin hole on the backface of the specimen. In
those cases where no burn-through occurred the duration of flame exposure
was 15 min. The appearance of the laminates after the test is shown in
Figure 29.
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4. TECHNICAL DISCUSSION
The objective of this program was to produce flame retardant
laminating resins which 'do not form highly toxic pyrolysis or com-
bustion products. Such a resin could be based on "homo" polymers
derived from a repeating segment as presented below;
£PR2-X-PR2=N-Y-N3=
or on "hetero" polymers formed by substituting, e.g. , some of the di-
amino compound employed in polyimide manufacture by a suitably
phosphazene modified diamme, i.e.,
H N-R'-N=PR -X-PR =N-R'-NH
fe £, £ f»
Three basis methods are known which conceivably could produce polymers
of the general formula f=PR -X-PR =N-Y-N> :
a) oxidation of a bisphosphine by a diazide:
PR -X-R P + N -Y-N - - f=PR -X-R ?=N-Y-N3= + 2N. ,
Z Z w O L I * X Z
b) interaction between a bis(dichlorophosphorane) and a diamine
followed by base dehydrohalcgenation:
x + 4HC1,
c) formation of pentavalent phosphorus nitrogen linkages by re-
action of diamines with bisphosphines in the presence of carbon
tetrachloride , again follwed by base dehydrohalogenation:
CC14
PR. -X-PR. + H.N-Y-NH, - - a-» f=PR_-X-R9P=N-Y-Ni= + 2 CHC1. + 2 HCli i 2. £ base i 2 3
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The diazido-bisphosphine process was studied previously (ref. 1) •
'but only low molecular weight products were obtained. It was, however,
believed that conditions could be identified for synthesis of high molecular
weight compounds. The other two methods have been described in the
literature, mainly to prepare monomeric species (ref. 7,8,14). The
adaptability of these methods to polymar formation had to be determined.
For the preparation of the functional phosphazenes of the general form,
H N-R'-N=PR -X-PR =N-R'-NH , new techniques had to be developed.
£» *• £> (•
The overall program thus consisted of: (1) monomer and model
system synthesis, (2) polymerization studies embodying the three
methods delineated above, (3) degradation studies, and (4) laminate
fabrication and testing.
4.1 MONOMER AND MODEL SYSTEM SYNTHESIS
Under the previous program only bisphosphines were employed
wnerein the two phosphorus atoms were linked by aliphatic moieties.
In view of the inherent thermal oxidative instability of aliphatic group-
ings, fully aromatic bisphosphines were essential. Since none are
available commercially the two candidates, 4,4'-bis(diphenylphosphino}-
biphenyl (BDEI), and 1,4-bis(diphenylphosphino)benzene (PDPB) had to
be synthesized. The procedure employed was a slight modification of
the method of Baldwin and Cheng (ref. 5) wherein the dilithio derivative
of 4,4'-dibromobiphenyl (in case of BDBI) is treated with diphenyl
chlorophosphine according to the following equations:
Br-*-$-Br BuL1 • (Li-*-*-Li)
(Li-*-*-Li) + 2$ PCI "-*P-*-*-PcL
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To prepare PDPB, *.P-£-P* , the dihthio derivative of il ,4-dibromo-
benzene was employed. Thus BDBI, mp 192-193°C, PDPB, mp 164-166°C,
were obtained in 68 and 64% yields, respectively.
The corresponding bis-dichlorophosphoranes were synthesized
via addition of a chlorine solution in carbon tetrachloride to a benzene
solution of a given bisphosphine, i.e. ,
By this technique 4,4'-bis(diphenylphosphino) biphenyl-bis-dichloro-
phosphorane was prepared in 98% yield; the corresponding 1,4-bis
(diphenylphosphino)benzene-bis-dichlorophosphorane was isolated in
46% yield.
To determine the reactivity of the bis-phosphoranes toward
aromatic amines and to obtain a representative model system the
BDBI-bis-dichlorophosphorane was treated with aniline in the presence
of triethylamine , i.e.,
2 *-
Et3N
*N=P* -*-«-P* =N*
Lt £*
The phosphazene, $N=P4 -«-<f-P<£ =N<t, mp 232-234 C, was formed
in 79% yield. Thermogravimetric analysis indicated that the material
has good thermal stability with a char yield of 47.5% at 500°C (see
Figure 10). Treatment of an aliquot with boiling water produced no
change in the compound, indicating hydrolytic stability.
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As was noted above one of the aims of the current program
was to develop conditions giving high molecular weight polymers
via the diazide-bisphospnme process. It was believed that the
major reason for the failures encountered to date was preferential
ring formation, which was apoarently not hindered by the presence
of rigid middle groups such as a tnazine nucleus. To prevent ring
formation, utilization of extended monomers offered an attractive
avenue. A promising azido terminated compound was prepared by adding
the (most available) bisphosphine into a three-fold excess of
triazine diazide, i.e.,
? ? «• «2P-(CHS
N3-CX C-N3 ^
* *CN * *C
N N
C
-
N3 * 2N2
The TGA curve of this compound (see Figure 3) showed a sharp weight
loss at 260°C corresponding to 10.6% of the original weight. If one
assumes the structural arrangement to be that given above and the weight
loss to be due to azide deccmoosition then this value should ba 6 .6%.
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On the other hand, one cannot expect such a process to occur without
complications and thus it is very likely that a side reaction, or
reactions, taking place concurrently with azide decomposition are
responsible for the observed value. The decomposition itself must
be exothermic 'in nature as shown by the strong exotherm in the
vicinity of 260 C in the DSC trace (see Figure 4).
Pyrolyzing the bisazide in an evacuated ampoule at 275 C
for 30 min produced 2.06 mol of nitrogen per mol of azide in good
agreement with the theoretically expected 2 mol:
-N=P« -
The black, hard, glassy residue was soluble in chloroform and after
precipitation into heptane and drying had a molecular weight corres-
ponding to ~ 3.3 repeating units of above structure. It is noteworthy
that its TGA showed significantly higher char yield at 500°C than that
observed for the usual =f P$ -(CH ) -P* =N-C N (*}-!$ polymers
L £ 4 Z o 0
(35% versus 21%; compare Figures 23 and 14). This would tend to '
indicate that the pyrolysis product contains structural arrangements
different from the diazide-bisphosphine reaction derived phosphazenes.
To prove the structure and composition of
N3-C3N3te)-N=Pe2-(CH2)4-P<f2=N-($)C3N3-N3, it was treated with
an excess of triphenylphosphine at 114 C; the temperature was
selected based on DTA of the ingredient mixture wherein an exotherm
was observed to start at ~ 110 C (see Figure 24)
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2 N
The yield of nitrogen was 95.0% of theory and the molecular weight
and elemental analyses of the isolated phosphorane supported the
postulated arrangement.
An "extended monomer" free from aliphatic groups was pre-
pared in 77% yield from a 3:1 molar ratio reaction of IDA with
4,4'-bis(diphenylphosphino)biphenyl:
This material in analogy with the bis(diphenylphosphino)butane derived
compound, exhibited in its TGA trace (see Figure 6) a sharp weight
loss at 258°C (corresponding to 7.5% of the original weight) which
correlated with a DTA exotherm at 249 C (see Figure 7). The structure
was proven by forming the triphenylphosphine derivative,
* P*N-C3N3(*)HK=P*2-*-*-P*2=N-C3N3(*)-N=P*3.
The synthesis of an ammo-phosphazene of the general formula
H2N-Y-N=PR2-X-PR2=N-Y-NH2
presented an entirely different challenge than the systems discussed
above. The most obvious process would involve the interaction of
bis-dichlorophosphorane with an excess of a suitable diamine. Un-
fortunately none of the desired product could be isolated. AppeJ and
co-workers (ref. 7,8) produced nonfunctional phosphazenes by
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reaction of monophosphines with diaminss and by reaction of bis-
phosphmes with mono-amines in the presence of carbon tetrachioride.
Syntheses of ammo terminated phosphazenes using this technique have not
been described in the literature. To evaluate the feasibility of such a
process, triphenylphosphine was reacted with an excess of 4 ,4 ' -
methylenedianiline in methylenedichlonde-carbon tetrachioride
medium, giving after purification ~ 72% yield of what appeared to be
(based on infrared spectral analysis) an amine hydrochloride in agree-
ment with the equation:
Jcci4
[H.N-4CH *-NHPt,]+- Cl~ + CHC1
,Z 2 *•* <
The free amine was subsequently obtained in ~ 56% yield using
triethylamine-acetomtrile treatment:
[H
M
|E t3N
H N-*CH $-N=P$ + Et N • HC1
ft £ O W
The aminophosphazene, mp 146-148 C, was characterized by molecular
weight determination and elemental analysis; in addition, its structural
arrangement was unequivocally proven by NMR spectroscopy (see
Figure 12) wherein the ratio of aromatic: aliphatic: amino protons was
found to be 12:1:1, in agreement with the theoretical values of
11.5:1:1.
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It is noteworthy that Appel and co-workers (ref. 7,8) in their
reactions employed potassium amide in liquid ammonia as the
dehydrohalogenating agent. In view of the above described results
it is evident that triethylamine is a sufficiently strong base to
perform this function.
The successful preparation of $_P=N-$CH $-NH showed
•J £, Z
that this process could very well be adaptable to the synthesis of
di-aminophosphazenes. Interaction of 4,4'-bis(diphenylphosphmo)-
biphenyl with a tenfold excess of 4,4'-methylenedianiline gave the
amine hydrochloride which on treatment with triethylamine afforded
the desired product, H N-*CH *N=P* -4-*-P4 =N4CH.4-NH, ,
£, £» £t £ £ £
in an overall 36% yield. The sequence is depicted below:
2 H.N-* CH *- NH + * P-*-*-P*.2 . 2 2 2 *
2CC14
9-4-*-P* -NH-*CH *-NH,]+2 • 2 Cl" + 2CHC1,
e. i t' i o
J 2 E t 3 N
0 + 2 NEt • HC1
£» £• L* 2 ' *5
The reaction, however, did not proceed as readily as in the case of
triphenylphosphine and to attain the yields finally realized the conditions
had to be modified in a number of experiments. It was thus found that
best results .were obtained by performing the first step in benzene and
then conducting the dehydrohalogenauon in chloroform. Tne diammo-
phosphazene was fully characterized by elemental analysis, molecular
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weight, mfrarsd spectroscopy, and NMR spectroscopy, wherein the
ratio of aromatic:aliphatic:anuno protons was found to be 11.9:1:1
in fairly good agreement with the theoretical values of 11 .0:1:1.
4.2 POLYMERIZATION STUDIES
The basic polymeric system considered under this program
can be best represented by: =§PR -X-PR =N-Y-N^ , wherein
' t» «
X = (CHJ., *-« , *
t* 4
Y = C 3N 3 (4) , *-CH2-*, *
To synthesize such a system a number of avenues were investigated.
These involved: (a) phosphine oxidation by azide in solution,
(b) bulk interaction of "extended-azide" with phosphine, (c) bis-
dichlorophosphorane-diamine condensation, and (d) bisphosphine-
diamine-CCl reaction. In the following subsection the results4
obtained using these different approaches will be discussed.
4.2.1 Phosphine-Azida Solution Studies
The azide oxidation of bisphosphines, has been investigated
previously (ref . 1) and the major objective in this area under this
program was to study variations in reaction conditions to hopefully
find a method of producing high molecular weight materials. In order
to investigate the largest number of possible variations with a minimum
expenditure of time only one reactant pair was employed in these
studies, namely 1 ,4-bis(diphenylphosphino)butane and
2,4~diazido-6-phenyl-s-triazme . The former material is com-
mercially available in a pure state, the latter was synthesized without
difficulty using a previously developed procedure (ref. 1). The
experiments carried out are summarized in Tables I and II.
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The nature of the solvent constitutes one of the
 ; important
variables. Benzene was extensively studied under a previous phase
of this work (ref. 1) thus the current effort was limited to tetra-
hydrofuran, acetonitrile, the immiscible combination acetomtrile/n-
•heptane and chloroform. Using the first three solvents (see Run
Nos. 1-3) 'soluble and insoluble products were formed in ratios of
1:3 to 1:9. All products obtained had practically identical infrared
spectra, all softening points, and melting ranges were comparable
(175-190 and 185-210 C, respectively); the thermograms were
 f
superimposable and identical with those obtained previously (ref. 1)
(see Figure 14 for a representative TGA trace). In addition, the
molecular weights of the soluble portions were within experimental
error of a material consisting of three repeating units, e.g.,
[=N-C,N fc)-N=P* -(CH ) -P4 =] , MW, 1829. These results
s3 *j £» £ H « O
would indicate that the reaction of TDA and DPPB in these three
solvents proceeds in the same way and that a variation of the total solids
concentration and a change in reaction temperature has no effect on the
molecular weights of the reaction medium soluble products. The fact
that insoluble products were also obtained may, however, be an indication
that higher molecular weight materials were produced.
Conducting the process in chloroform and employing the normal
addition mode, namely adding TDA to a DPPB solution resulted in an
absence of the medium insoluble products. The molecular weights of
the materials obtained were definitely higher than three repeating units.
Comparing Run Nos. 6 and 7 (Table I) it may be argued that higher
solids concentration does increase molecular weight, whereas the
employment of an excess of TDA (see Run Nos. 8 and 9, Table II) tends
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to lower the "degree of polymerization" despite the fact that the
excess of azide is recovered unchanged. This latter aspect was
proven unequivocally in Run No. 9, where IDA was reacted with
DPPB in a 4:3 molar ratio. Of 6 .27 mmoles of IDA employed for
reaction with 4.69 mmoles of DPPB, 1.21 mmoles of IDA were
recovered unchanged, thus making the ratio of DPPB to TDA con-
sumed 1:1.08, which is within experimental error for a 1:1
composition. The isolated products exhibited identical infrared
spectra and thermal analysis curves as tne polymers isolated from
the equimolar reactions in agreement with the recovery of excess
TDA.
To investigate the effect of the mode of addition in the reaction
of TDA with DPPB on the product molecular weights Run No. 9 (Table
II) was repeated with the exception that a solution of DPPB was added
to a solution of TDA. When comparing Run Mos. 9 and 10 it can be
seen that inverse addition (DPPB added to TDA, Run No. 10) produced
a chloroform insoluble material in 64% yield, furthermore the molecular
weight of the soluble product corresponded to ~ 8 repeating units,
whereas using normal addition (Run No. 9) cave material consisting
of ~ 12 repeating units.
The insoluble product, sp 255°C, mp 265-275°C, exhibited
an infrared spectrum completely different from those of the products
obtained to date from the interaction of DPPB and TDA. Its TGA
curve (see Figure 3) showed a sharp weight loss at 260°C correspond-
ing to 10.6%of the original weight. If one assumes the structural
arrangement to be N3-C3N3 (4)-N=P£ 2(CH2)4P<fi2=N-(«)C3N3-N3
and the weight change to be due to azide decomposition then the weight
loss should be 6.6%. The DSC of this product (see Figure 4) exhibited
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a strong exotherm with an onset at ca 205 C and a peak at ca 260 C.
The TGA, DSC, and melting behavior indicated an azido type of a
moiety, however the absence of absorption at 4.7^i in the infrared
spectrum was unexpected. By using 50% excess of the required IDA
the desired "extended azide" Nj-CgN *-N=P*2(CH ) P* =N-C3N *-N
was obtained in essentially quantitative yield (see Run No. 13,
Table II). In the same manner the BDBI analogue was prepared (see
Run No. 14, Table II). The characterization and structure proof of
these materials is fully described in Section 4.1.
To investigate the possibility of avoiding ring formation and
producing a high molecular weight product via azide oxidation of an
aromatic, more "rigid" bisphosphme a benzene solution of TDA was
added at room temperature to a benzene solution of 4,4'-bis(diphenyl-
phosphino)biphenyl according to:
V-*-*-P*2 + *C3N3(N3)2 ""
1/x^P* -4-*-P* =N-C N 4-NJ
I* £* -J O X
In this manner a 35.9% yield of benzene soluble and a 51.5% yield of
benzene insoluble product was obtained. The benzene soluble material
softened at 240°C, mp 247-253°C, and had a molecular weight of
3200 (x = 4.5). The product insoluble in benzene (but soluble in
chloroform) softened at 195 C, mp 284-292 C, and showed a molecular
weight of 8400 (x = 11.9). Thus it would appear that substitution of
an aliphatic by an aromatic bisphosphine does not prevent ring formation
(the products were free of azide). Longer reaction times (see Test No.
16) failed to affect the molecular weights and product ratios. However,
the thermal stability in air of both the soluble and insoluble reaction
products is remarkable. Programming at 5 C/min shows no weight loss
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up to 390-400 C and the char yield at 600 C, ~ 47% is surprisingly
high (a representative TGA curve is given in Figure 15).
To determine the oxidative thermal decomposition characteristics
of polyphosphazenes derived from the reaction of BDBI with IDA,
=£N-C.,N,(*)-N=P* -<£-$-P* 4 , (see Test No. 4, Table I) was
o 3 2 2 *• £
subjected to degradation using the sealed tube technique (ref. 10).
This sample thus was heated in air at 420 C for 30 min and the room
temperature volatile products were quantitatively determined using
combined gas chromatography/mass spectroscopy. A total of 109 mg
of volatile products were formed per gram of phosphazene employed,
which is in good agreement with the weight loss of ~ 6% in air at
420 C as measured by thermogravimetric analysis (see Figure 15).
The slightly higher total weight loss in the sealed tube test, ~ 13%,
is due to the longer residence time at temperature.* The results of the
analysis of the products formed are presented in Table V. As can be
seen very few toxic products are formed and none in large quantities.
The species of concern are CO,HCN, (CN) , benzene, phenol, and
cresol, of which HCN and (CN)_ almost certainly originate from the
s-triazine ring present.
An analogous reaction using 1,4-bis(diphenylphosphino)benzene
and TDA was carried out to determine whether higher molecular
weight products of equally good thermal stability may be formed by this
phosphine-azide pair. After a 96 hr reaction of equimolar amounts of
PDPB and TDA in benzene at room temperature a 72% yield of a benzene
insoluble solid and a 7% yield of benzene soluble product was obtained
(see Table I, Run No. 12):
N,-C,N,(4)-N, +*.P-4-P*, —o l/x=f ?*„-£-?* =N-C0NJ*)-N* + 2 Nj O J 0 Z Z e. Z o o X
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Both materials had identical infrared spectra and TGA curves. The
latter (see Figure 16, for the TGA of the insoluble product) showed
these products to be thermally less stable than the products from the
BDBI-TDA reaction. The molecular weight of the benzene soluble
product indicated ~ 4.4 repeating units, which is comparable
to that found for the soluble material obtained in the corresponding
BDBI-TDA system.
Based on the series of reactions discussed above, the follow-
ing can be concluded: (a) the thermal stability of the products de-
creases in the order BDBI > PDPB > DPPB: (b) the "normal" addition of
TDA to the bis-phosphine in 1:1 ratio regardless of solvent forms
products of low molecular weight which possibly are of a cyclic
nature; (c) the "inverse" addition of the bis-phosphine to TDA pro-
duces azide terminated intermediates which can be obtained in
practically quantitative yield provided a large enough excess of TDA
is employed.
It should be stressed that the structure of the low molecular
weight "polymeric" materials obtained is unknown, the "degree of
polymerization" of ~ 2 to 12 repeating units per molecule is within
the same range as previously found by, e.g. , Bilbo and Sharts, e.g.,
~ 2 to 9 repeating units (ref. 15). Since so far no unreacted end
groups, e.g. , azido groups, could be detected in these products, it
may be speculated that cyclic compounds are being formed. A similar
conclusion was reached by Horn (ref. 16) who found the products of
bis-phosphine-diazide reactions to contain 2 to 4 repeating units.
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4.2.2 Phosphme-Azide Bulk Reactions
The extended azide N -C N ($)-N=P* -(CH ) -P* =N-C N,fc)-N
*3 O <J £ I* Q. t* O 3 »i
in view of its relatively extensive chain length seemed an ideal
candidate to avoid the formation of cyclics and thus to lead to high
molecular weight products or to provide longer chain phosphine
terminated materials. Inasmuch as the extended azide was insoluble
in conventional solvents and formed permanent complexes with liquids
such as dimethylformamide the studies were necessarily limited to
bulk reactions.
The equimolar reaction of the DPPB derived bisazide with DPPB
in the absence of solvent at 151-165 C for 2 hr was according to the
measurement of the evolved nitrogen only 68% complete. The incomplete-
ness of the reaction was most likely due to poor mixing of the solids,
which assumption is supported by the recovery of 22% of the unchanged
diazide. The product obtained after dissolving the crude mixture in
chloroform and precipitating into heptane amounted to 67% of the quantity
expected on the basis of unrecovered bisazide, which is in good agree-
ment with the amount of nitrogen evolved. The overall process therefore
may be represented by the following equation:
-2xN 2
The material thus isolated melted at 155-165 C, had a molecular
weight of 4400 which corresponds to 7.3 of the above repeating units,
and exhibited an infrared spectrum and TGA trace identical with those
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of the products obtained in equimolar reactions of DPPB and IDA in
chloroform at room temperature (see Table I). It must therefore be
concluded that under the conditions studied the employment of
"extended monomers" such as the DPPB derived diazide offers no
advantage in regard to formation of high molecular weight materials
over the direct interaction of the true monomers.
The reaction of DPPB with the DPPB derived diazide described
above in an ~ 3:1 molar ratio was carried out to possibly extend the
latter by two DPPB units and to obtain a phosphine terminated
"extended monomer" via the following equation:
N H3 N3(*)-N=P*2-(CH2)4-P*2=N-C3N3(4)-N3 + 2 C2P"{CH2)4~P<J>2
-2N2
Heating the two reactants in the absence of solvent at 153-158 C for
1.25 hr, however, formed a product which exhibited essentially an identical
infrared spectrum and TGA curve as the material obtained in the equimolar
reaction. The molecular weight of 2400 corresponded to 4 units of the
repeating segment. Thus it would seem that the desired product was not
formed.
In order to improve the conditions for the formation of the
phosphine terminated "extended monomer" depicted above, the DPPB
derived diazide was reacted with DPPB in the absence of solvent in a
1:10 molar ratio. The product of this reaction, after extraction with
heptane and crystallization from benzene-heptane, had a molecular
weight of 1620, which agrees very well with the theoretically
expected 1645.
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Based on these limited investigations it can be concluded that
the azide-phosphine reactions regardless cf the conditions selected
do not lend themselves to the production of polymeric materials.
On the other hand, by careful stoichiometry selections linear com-
pounds of relatively high molecular weight, insofar as monomers
are concerned, with predetermined end groups can be obtained.
4.2.3 Dichlorophosphorane-Amine Reactions
In view of the low molecular weight products obtained via the
azide-phosphine reaction it was thought that a condensation process in-
volving dichlorophosphoranes and amines would be more likely to afford
truly polymeric materials. Furthermore, the use of aromatic amines
in conjunction with aromatic phosphines would give a fully aromatic
system free from triazine rings which have been found to produce
hydrogen cyanide on degradation (ref. 1).
The desired bis-dichlorophosphoranes were readily obtained
from the respective bis-phosphines and their synthesis is discussed
in Section 4.1. The major effort was centered on the interactions of
the bis-dichlorophosphorane of BDBI with methylenedianilme. Prior
to conducting the reactions the DSC curves of the bis-dichloro-
phosphorane (Figure 25), of MDA (Figure 26) , and of their mixture
(Figure 27) were determined. The DSC of the mixture indicates that a
reaction occurs at about 90 C (strong exotherm), in the vicinity of the
melting point of MDA. Thus an equimolar mixture of BDBI-bis-dichloro-
phosphorane and MDA, was heated in the absence of solvent at ~ 110 C
with the objective to achieve the following reaction:
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-4HC1
* =N-*-CH -*-Nj
£ Z X
However, no hydrogen chloride evolution was observed. The product
of this heat treatment showed an infrared spectrum closely resembling
that of the dichlorophosphorane, yet in its DSC (see Figure 28) the
melting endotherm of MDA (compare Figure 26) was absent. Only an
exotherm at ~ 235 C was present which could be correlated neither
with the DSC of the chlorophosphorane of BDBI (Figure 25) nor with that
of its mixture with MDA (Figure 27). These results may be interpreted
by the formation of an intermediate hydrochloride , e.g.:
Cl H
^, Cl i i
PA H- H N- - - -P* - N
2 ~| 2 L i
C1
 H Cl"
Heating this intermediate to 260 C, well above the temperature where
the DSC (Figure 28) indicated an exothermic reaction, still produced
no hydrogen chloride, only a black mass resulted. However, when the
intermediate product was treated with triethylamme in refluxing benzene,
a material could be isolated, the infrared spectrum of which clearly
showed the presence of an amine hydrochloride. After removal of the
amine hydrochloride with water, the product of this reaction had a
molecular weight of 3500 which corresponds to an average 4.3
repeating units. Apparently, the desired reaction does not take place
unless an acid acceptor such as triethylamine is employed.
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To evaluate optimum conditions for preparing high molecular
weight materials, the following solvent systems, concentration and
type of base, temperature regimes and modes of addition were
studied: (1) benzene/acetonitrile, excess triethylamine, room
temperature and inverse addition (addition of bis-dichloro-
phosphorane to-aryiene diamine); (2) acetonitrile, excess triethyl-
amine , room temperature and inverse addition; (3) chlorobenzene,
stoichiometric triethylamine, reflux temperature, and normal addition;
and (4) acetonitrile, excess pyridine, reflux temperature and inverse
addition. These experiments are compiled in Table III.
All the materials formed (see Table IV) were essentially identical
and of the same type as those obtained previously except for the in-
soluble products formed in chlorobenzene (Run No. 6) and pyridine
(Run No. 7) which exhibited different infrared spectra and TGA cun/es.
None of the reaction parameter variations had apparently any effect on
the products' molecular weights which ranged from 1.5 to 4.9 repeating
units. The TGA curves of all the products are very similar showing
onset of major weight loss in air at 325-375 C and char yields at
600°C of 18-37% (see Figures 18-20) with the exception of the
materials prepared in Run No. 4 and those of the insoluble products
from Run Nos. 6 and 7. The latter two materials show indications in
their infrared spectra of the presence of amino or hydroxy containing
moieties, thus the different TGA curves are not surprising. The TGA
curves of the products obtained in acetonitrile/benzene (Run No. 4),
however, exhibit a so far not observed feature, namely a relatively
large (~ 3%) weight gain in air at ~ 225-350°C (see Figure 20). It
can be speculated that under these conditions oxidatively unstable
compositions, possibly ammo-terminated chains, were produced.
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Based on the studies performed acetonitrile was found to be
the most suitable solvent for the bis-dichlorophosphorane-MDA
system. The reaction apparently proceeds via an ammonium-
phosphonium bis-hydrochloride, e.g.:
in view of the finding that no gaseous hydrogen chloride is evolved
during reaction. On the other hand, the possibility that MDA
hydrochloride or dihydrochloride is also present cannot be ignored.
The phosphazene is subsequently liberated by addition of an acid
acceptor as represented by triethylamine.
In order to evaluate the effects of other aromatic diamines on
the product properties, the bis-dichlorophosphorane of 4,4'-bis(di-
phenylphosphino)biphenyl was reacted with an equimolar amount of
p-phenylenediamine (PPDA) in acetonitrile solution in the presence
of triethylamine. The product thus formed appeared to be the desired
phosphazene. This composition exhibited <? higher softening and
melting point (sp 240°C, mp 250-260°C) than the materials obtained
by reaction of BDBI with MDA, whereas the molecular weight (5.2
units of repeating segment) and the thermal stabilities (see Figure 21)
of the two types of'phosphazenes were comparable.
The reaction of 1,4-bis(diphenylphosphino)benzene-bis-
dichlorophosphorane with an equimolar amount of 4,4'-methylene-
dianiline in acetonitrile solution in the presence of triethylamine formed
a product which, based on the data available at present, is the desired
phosphazene. The product exhibited a molecular weight and thermal
stability comparable to those materials listed above (Table IV), e.g. ,
a molecular weight of 2400 and a char yield of 65% at 500°C (see
Figure 22) .
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4.2.4 Blsphosphine-Diamine-Carbon Tetrachlonde Reactions
An alternate to the diamine-bis-dichloroohosphme process is
the interaction of a bis-phosphine with a diamine in the presence of
carbon tetrachloride followed by base treatment. The latter pro-
cedure was utilized by Apoel and co-workers (ref. 7 ,8) , specifically
for the synthesis of non-functional mono-phosphazenes. An attempt
to adapt this method to the preparation of polymers employing
equimoiar quantities of 4 ,4 ' — bis(diphenyiphosphino)biphenyl and
4,4'-methylenedianilme, i.e.:
l/x=§(NH<fCH *NHP* -*-*-P* j} 2Cl
6 6 &
l/xfN*CH.«?N=P* -*-*-P* 3 + 2 Et N -HCl
It & ** X tj
resulted unfortunately only in low molecular weight species (2.5 repeat-
ing units) wliich exhibited infrared spectra and TGA curves identical
with those obtained on the products from the dichlorophosphorane
reactions.
It is apparent from the above discussion that neither the
bis-dichlorophosphorane-diamine , nor the bisphosphine-diamine-
carbon tetrachloride systems offer a process leading to high molecular
weight materials . The formation here of the insoluble salt-type-
intermediate , is one of the factors which would be expected to prevent
chain growth. On the other hand, considering the findings of the
azide-pho&phine investigation, it would seem that cyclics
must be preferentially formed regardless of the process or monomers
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involved. No parallel example of this type of an occurrence can be
found in the usual polymerization chemistry. It is tempting to
speculate that conditions could be discovered to promote chain growth,
yet all the efforts expended to date failed to achieve this objective.
4.3 SYNTHESIS AND EVALUATION OF PHOSPHAZENE
CONTAINING POLYIMIDES
The investigations described in Sections 4 .2 .2 and 4 .2 .4
above showed that under the conditions employed high molecular
weight materials could not be produced. On the other hand, it was proven
that by "off-setting" the reaction stoichiometry difunctional "extended
monomers" can be obtained.
The successful synthesis of such difunctional materials thus
provides the opportunity of improving the flame resistance of polymeric
composition wherein one of the comonomers is, e .g. , a diamine.
This approach appears particularly attractive in view of the finding (ref. 2)
that a relatively low concentration of PN units is capable of reducing
considerably the flammability of a polymeric composition with the con-
current suppression of toxic product formation. The obvious resultant
advantages are that both flame proofing and toxic product suppression
can be achieved with minimum costs and a minimum change to the
basic polymer structure so that the physical and mechanical properties
of the final composition should closely resemble those of the un-
modified material.
To prove the potentials of this approach the synthesis of a
phosphazene modified polyimide was undertaken and its unmodified
analogue prepared for comparison. The method employed for preparing
both polyimides was the in situ polymerization of monomer reactants
(PMR) (ref. 11) in view of the advantages this technique offers in
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processing of fiber reinforced composites. The specific system
chosen was that composed of the mcnomethylester of nadic acid
(NE), the dimethylester of benzophenonetetracarboxylic acid
(BTDE), and methylene dianiiine (MDA), on which extensive in-
vestigations have been performed (ref. 12,13). Based on the finding
that in this system a formulated molecular weight (FMW) of 1500
provides the best overall balance between processability and
composite properties this formulation ratio (BTDE : MDA: NE = 2.087 :
3.087 : 2 moles) was employed for the fabrication of all unmodified
composites,. The monomeric reactants were dissolved in methanol to
give solutions of 50% solids by weight; the reinforcing fabric was heat
treated style 181 E-glass.
For the preparation of the phosphazene modified polyimide
the same reactants and procedures were used and the same molar
ratios of tetraacid: diamme: diacid were employed. The modification
consisted in replacing a part of the MDA by the bis-aminophosphazene
(PA) synthesized for the first time under this contract (see Section 3).
The molar ratio of these two diamines was keot constant in all the
composites prepared, namely MDA: PA = 3 : 2. Since the molecular
weight of PA is much higher than that of MDA (915.1 versus 198.3;
average molecular weight of a 3 : 2 mixture is thus 485.0) and since
the above given molar ratios of BTDA: NE: total diamines was em-
ployed, the FMW of the modified polyimide was consequently con-
siderably increased (to 2387). In this manner the average number of
imide moieties between norbornyi end-groups (before curing) or the
number of imide units between crosslinks was the same for the un-
modified and the phosphezene modified polyimides, whereas the average
"chain length" of the modified system was much greater than that of the
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unmodified version. Consequently, a comparison of the unmodified
and modified polyinudes prepared under this contract must take under
consideration that the crosslink density in the latter composition is
much lower. This may be reflected in the excessive resin flow ob-
served during fabrication of two 12-ply laminates with the phosphazene
modified polyimide (see Table VI) which resulted in a considerably
lower resin content than that aimed for.
Both the unmodified and phosphazene modified 3-ply laminates
were subjected to burn - through tests, whereas for both the un-
modified and modified 12-ply laminates the flexural strength and the
interlaminar shear strength were determined. The results of the
strength measurements are given in Table VII. The lower flexural
strengths of the phosphazene containing laminates No. 8 , 9 , and
10 as compared to the unmodified panels 3 ,4 , and 5 (compare Table VI)
and their failure in the elevated temperature interlaminar shear strength
tests may be attributed to the not optimized processing conditions, but
may also be due to the difference in formulated molecular weights
between the unmodified and modified resins. The effect of exposing
the 3-ply laminates No. 1, 2, 6, and 7 (see Table VI) to an approximately
stoichiometric natural gas/oxygen flame (adiabatic flame temperature
~2700 C) can be seen in Figure 29. The burn-through times for the
unmodified laminates No. 1 and 2 were 76 and 83 sec, respectively.
When impinging this flame onto the phosphazene modified laminates
No. 6 and 7 under identical conditions for 15 min, no burn-through
occurred.
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5. CONCLUSIONS AND RECOMMENDATIONS
Summarized below are conclusions and recommendations, reached
during the current investigations of flame retardant ohosphazena laminat-
ing resin systems.
1) The phosphazenes as represented by=§R P-R'-PR =N-R"N| ,
t* & Jx
wherein R. R' and R" are aromatic entities, have been
synthesized and found to-be thermally, oxida'tively and
hydrolytically stable, as well as flame resistant. No highly
toxic products were fonred on oxidative thermal degradation.
2) Variation of experimental parameters failed to identify
conditions leading to high molecular weight soecies.
The molecular weights attained corresponded to 2-12 units of
a given repeating segment.
3) Unbalancing of the reactants stoichiometries led to the prep-
aration of di-functional phosphazenes, i .e. , diamino and
diazido terminated materials, amenable to incorporation into
conventional laminating resin systems. This approach was
successfully proven in the manufacture via the PMR process
of flame retardant polyimide laminates.
4) The synthesis of the diaminophosohazene (PA) orepared under
this program should be scaled up to make sufficient quantities
available for further evaluation. In addition to optimizing
processing procedures and investigating compositions and for-
mulated molecular weights other than those employed in this
program, these evaluations should include a study of tha oossi-
bility of using this comonomer in making other flame resistant
polymers, e. g., polyanides orpolyureas.
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5) The feasibility of applying the process developed for the
synthesis of the diaminophosphazene to the preparation of
difunctional phosphazenes terminated by, e.g. , -OH,
-COOR, -N=C=O, or -CH=CH,, moieties should be investi-
gated. Furthermore, the advantages of replacing the bi-
phenyl based bisphosphine employed in the synthesis of PA
by, e.g., a bisphosphine derivative of benzene should be
evaluated.
6) The fact that the condensation product of PA with two moles
of NE will have a molecular weight of 1207 makes it intriguing
to speculate that this monomer could be employed as the sole
resin component. This compound could possibly be applied to
reinforcement as a melt, thus making drying and removal of
volatiles unnecessary and theoretically ensuring the production
of truly void-free laminates.
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TABLE V
VOLATILE PRODUCTS OBTAINED ON THERMAL
OXIDATIVE~DEGRADATION OF={NC,N,(*)N=P* -*-*-P<!> 3 AT 420°C IN AIR'3 <3 2 2 X
Product
H2
CO
co2
HCN
C2N2
C2~species
C3-species
C.- species4
C_-species
Ce-specieso
n- Heptane
C.-species8
Benzene
Toluene
mg/g
7
2.73
3.87
0.842
T
0.273
0.303
0.197
0.071
0.078
4.69
0.100
11.6
1.29
Product
Xylenes
Bromobenzene
Methyl chloride
Methyl bromide
Chloroform
Phenol
Cresol
Acetaldehyde
Acetone
2-Penten-4-one
2-Hexanone
2-Heptanone
Cyclopentanone
Benzonltrile
mg/g
0.488
0.003
0.041
0.015
1.332
0.733
0.646
0.001
0.056
T
0.002
0.035
0.002
79.6
* Amount of material employed, 1.0363 g; residue, 87%; weight loss, 134.1 mg;
recovered in volatiles, 112.9 mg (84.2%). Identification and quantitation of
species, 99.9%. At 420 C char yield from TGA, 95%.
60
a1
o
<D
c> -3
i" «
a
 o
**
_s
a
M
on
om
er
0
4.
t
C
£
«
C
o
(0
u
*M
c^
o2
a
4^
C
O
,0
v
 c
01
a
a:
u,
o
o
CM
O^ "
CM
H^
s O*
• "
C
om
po
si
tio
n
i
•ai .
i o
= 2
I
1 1 t
ro to co
*^ *^ f*
i i i
to to to
1 1 1
O CM CO
"^ CO CO
1 CO 1
cn
i ~* \
CO CO CM
E
/B
TD
E
/M
D
A
II
 
II
U
 
II
z;
<^ CM CO
1 1 1
CO 10 CM
T to ini i i
to to to
1 1 1
rr ex co
CO CO CO
in
1 CM 1
CM O
CM <-l
CM CM CO
ft.
CM
u
 
u
II
 
n
E
/B
TD
E
/0
 
M
D
A
^
"T in to
i i i i
CO CO rt CO
to m to to
i I : i
to to to to
1 1 1 1
•a TJ
CO CM •«>• f-.
CO CO CM CM
CM CO O
i T co m
CO 'fr O> CM
— en co —i
CO CM CM CM
i s : :
: s s :
rx co cn o
O
o
V)
n
O
•a
§
2
"o
E
S
I
E
a>
u
10
o
o
10
o>
3
«
s
V
X
V
•
 %
TJ
S
a
0)s
fl •
a
o"
.a
>2
0)
01
"en
1
•-> CO
~ I
Q* 4.1
i, O
tc,
k,
..
O
1
(O
01
<u
4-*10
c
»•«
E
iO
"^o
o
mt-i
II
5
^J
b.
• *inif— i
0)
0)
ffl
c
•»^
E
-C
CM
o>
u
•a
0]
0}
JD
*j
£
•2"
1
I
3
10
10
ID
X
•o
<D
1
3)
m
*
o>c
v4
2
"o
E
o»
•r+
U
5
TJ
?
o
*M
d
1^ 4
01
2
<D
01
01
a
0
0)
CO CO
61
sS
<
"
09
M
i
«i\
c
>
2
a
°"
t_:
c«X
c.
O
j
5
1
2
f
a
3
o
w
a
.£
a
"C
2
.£
—
o
w
lo
xu
ra
l
(M
o
0
c
5^
<•>-"
3
01
1
o
~
*"*=
2
1
o
X
_a
o^i
3
X
CM
E
Z
e
c
z
"^3
«.
c"
0
C
=3
""
O
c
3.
CM
f-
«.
0
3
O
c
*SS
•^
o"
3
0
0°
a
CM
A
H
e
» ~ =
^ t0 in
:> u. c_
CM r> «
S" S" r^
u; — v
't- k. U
n rt i*>
§ § S § S 5
13 in rv v CM CM
va m n o en a
v n in CM _ _
r-
<N o m CM es -s.
10 r^  a n in CMCM — r> a m m
CM « r»
a.&.
*r o \o o a Q
S -5 v — — 12
m _ a
 v v o
CM n n 2 2
in ^ S? S* c? 'S
CM o n o 3 3
^^ ^^ i^^  ^^ ^^ *^
CM O 13 IV Pv f^
to to to 3 3 3
en r> r> CM CM CM
n v m e 9> 3
•••
.
e
r*
O
C
u
c£
3 o
— 3
™? 0) "JJ
= 3 <2
€ f S' 2
5 | 3 S
1 ! 9- &
g c 5 =
5 I 1 1
* J3 0 5
62
a
CO
o
0
Of
a.
C
V
2
C
S rf
i $
c
N
111
.1?
1- UI
M [v
en •
rf j
? ?
Q 5s
8
c
L
w *u
X -
< '
H f?
n
T f
I
u
u Si
0 5
O <
5 S
i
?
z
Q a
i jn £
Z I
f- u5 y
JI $
v
5
s .
e C
L
S
1
s §
• c
i\L
' CD H
0 <
i if *
i
•T
U)
c
a
C
c
d
5
Q
u.
2
K
1
 IIr
•^
!*i
c
1-
u
i
>
r
•
-
H
^
1
|
X
o
c
c
—
1
t
JL
••«
6
,•
•^
s
C
<-,
«
J
)
--
_---
_ r
-•
—
-
~~—~
',~^ -
•"rr"
T:~
._
- -
_rT
--"
--
--
-
-
•
,. —
• — - -
r..~.
—
—
'-:—-.
".~~
., -
"'-'-
-_-
' ~
- -
• -
-
s~~
t
- *
t
t
i
•
•
: :..
~ — r . .
- —
— ._i .
j,,--
F ~ 'i
I .-_
i —
, -_
. i .
; -
,
r^~I
i
r
1
i -
t
:
-
— .
-
~n
"?:.
_
- —
-~
—
—
-
--
-
"-.
--
-— j
—
_r..:
~:-
- —
--
—
- ;
-- [
' •
1
;
I
;
-
"_"-! . _~
_ . ,
~~rr.
_T.:_::
. .. -
. ' " .
-''_ —
- 1
...
- ;
1
,
1
;
•
i
t
•
;
j
i
,
"
—
—
_
;-
_
'
.
I " -
•
-
-
- -
. _
(
-
-
-
1
'
- -
-
1
,
.
•
-
_ '.
-
_
-
;
,
i f "
jij
i
nj
N
Q
n
o
o£
0
13
o§
0
?
9 ti
"1
•^
n B
n a
LJ
o
0 *
n c
J:
UJ
S %
n uj
°
o
o
o
aj)
a
CO
Q
09
a.
o
co
Q
I1
siuszun Jis I II IV IIVA I I 'I i 1 .V It J
63
Ul
"
i
OI
Ul
N
<5
UJ
8 1 i
° < c5 ui j
a x
O
a
c
x i ' tR s t ?
«n u
S ui
" 5
a
Ul
< t0 i1 w
*>
-u. f
s ?.
f . •* 5
to
 0 '
v/ 9 '<"'
s :- ii -
u -1 M4 a
t •
SO
O
J
ui
3
U
8
CO
a,
ScuI
a,
CM
o
CO
Q
CM
.5?
EM
siuEuinjisuKOiOdOD) i i i\ii-v \ u nit i v t%
64
CO
z.
CO
oI
2II
CM
£
T
CM
s
Q
CM
<ti<
a,
!l
2i
«•
co
2
co
Oi
CO
O
H
CO
3
•»H
P-,
65
<
5
K
o
0
0)
X
a-
ri
2
1
<
a
1/1
e~
c=i
\r
o
•a
J
e
*
E
1
k
|j
r
c
c
u.
,
0'
r
s
c
L
<
L
—
t
C
UJCU
5
oh
^
> cr
03
c^.
! nu
r
N
?
c
VI
c
F
fi
.
5
a
(3
g
n
u
T
r
r
41
a
3
§
UJ
a!
If
C
t
n
*>
i-
«i
C
_
r
L
L^.
<
11
1
5
<
^ *j
^ «
. *
P:
r
*
c? .
a
0
C
f
i f:
zpj
•I
5
t-
?
01
±
~
o
c
u
J1 "*
• j
~,J
Ik £
Nl .
*S
•f
5^
r
r 
<^3
e
j
c
X
c
a
^
£
•
v
^
V
^«
C
^
e
_i
?<
1
0
'/I
,!
•i
5
c
I
X
%*
1
**
«
O
—f-
^
(
1
1
-. ! .
- • • 1
i
' • - - • • " •
 T
 * — • •
• - t -
ii^ i|"ii:
— • i —
— rr^ r
— .
*
— _ ; —
- ~ — | .
,
•
. —
mnn ~r~
. _ . . _
,
_
— ^ i . ~
1
. —
T-rr:~-
....
— -- (.- -
. :. . "~~
— -
*
(
_;_.
4
4
t
4
1
t
t-
i
T
I
. . t
t
'- - ;
""™
f::;
— .
. —
T~m JTZ
r _
, —
— . —
- * • * ~
—
.
_ — —
, — _
—
- ._ —
J —
1—
.-rzrlr-"
-
•-'F-
- —
I
j
i
i
;
i
i
t
. {..
"" ':--
- ~ : -_~
~- "
!
 ~~ '
~" r-7_:
4
_
K— - -
'
-
'
,
.- __
--
-- • --
. - -
_"" ~^nu_
•
— . , —
-
=====
. u -.- .
— _ —
. . - ...
— -- 1 — _
-
"- ! —
"_"i v
.1i
i
i
i
;
— . —
-
--
—
.:_
--
—
—
—
_i-~
"" V
—
~
—
5f^
\
'
-
;
—
•
;
j
*
r
t
1 -
--
1 —
•
—
*
* ,
»=
-— .»•
^s
1
1 ~" ~
•
1
i
1
i
il
t
- \
\ -
".
 :<: :
— - -
- .,
—
*
— •- —
r ~
. . . .
-
- •
". — '. i.~
_i ' "
'
" -T .
_ t
j -. .
— —
" J
•
1 "
\
\ '
J
t
i
]
1
•
1
1
1
i
"
ii
ii
-t •
- -i
.' i". -
i -
..
-
i
— --
*
— .. — .
^ » _. ~, .I.^  H
. —
*
.
-- ...
*
— , _ _
- »_
i
- —
 r —
_ . i
;
j
i -
1
l
i
i
.
i
i
i
tli
i •
• •'• --
— .... 4_ — — .
.TZ_T7Z _
— ,
- -
._
-
,
- - . -
. . - , _
1. _I^  V
....
[
,
,
— r —
— i .
— —
- .^
.
- i
;" "
r
;
;
_ ,( —
i
;
i
;
"i •
i
-
~~ " '
:
_ ..,
-
. .1
*
—
 1
p
. „! .
4
_ _.
- - — —
-
- — , 4 .
1 - - —
„ - - . . _
..
,_ .-
.
-
1 -
j.
--!-.-
1 " "
; i .-
i -1 •
i
•
t
i
t
t
g
O
(0
Q
a
o
10
R
0}
9
9
T
a
n
o
11
o
nj
°
o
o
o
m
n
3
ac
UJ
3H
a
ul
co
•e-
co
2
co
Oi
2
II (M
•61
a.
O
c^
S
CO
2
CO
Ui
CO
2
O
coQ
'T
0)
3
G>
njii(i'?vj
66
CO
•fcl
a,
II
co
2i
c
CO
2
CO
0i
2
II
CM
tl
CL
o
I
CM
•61
cuII
2i
CO
2
co
Oi
2II
a,
eo
CD
H
10
cu
67
Ol
z '
I X
9 ui
a «1
 ;.
5 a l §
U ^ < Q
£ 5 V; J
ftJi
O W
£ 2 ^ 0
IL S I Uj a -
H,
0:
u
e
a •-
c «
U rf?- 3? -T t> < v
5 ! • ui
? I E S
UJ _
u I IU uj
O UJ
\ I 0
c »
J1 I* U J o
C O5s 8
"g\ s
2 a J t< o < *
S5 S ?
n. ~
en
Vnl
r
5 i:
a •.»
rJ
V* 4i
H
• t - - -
— 1-
'-.'.'(
-_.:i_i:"-_i:-^
...(_
• i -
m
c
<
c
2
H
O
10
o
o
co
O
•z.
"r*
4f
a.
«•i
f
a.ii
2
CO
Z
CO
u
H
U3
(U
68
tr
og
en
co
2i
g
co
S
CO
O
2;II
0^.
*•
41
CM
€i
cuII2:
I
£j
co2
CO
Oi
CO
2
U-l
o2Q
gu
re
' Jf<
s,
(31
J,
f - L 1
tf J' f
ltt
o3
UJ
"j .u a!
2 § iji «£ o)
a x
o 2< —
5 £
a
3 c
, 2
S3 ?1!
E '•" S -UJ H 0 X
ID SC I U ?
_i a. u j iS3 § i :j) in S *- -o
I ! !
°/
U a
. u
O u)
£ u
i I c
o 5
Is
•I 1
< [!!u t
• i
3 8 t-< li
uj x
I a>
9t
«i
SI
UJ
<
O
cx>
— c'
1I
we r
u
r?-l
O
Si
o
«a:z
i < i- S. i-Col - '
-rrtr-
I— -
:..fH£r
k
4-
i^
• .
J
-J
UJc
E
co
Oi
•6*i
•e*i(N
•ei
cuII
2;i
It
co
2
co
Oi
Cu
co
O
c
en
c
c
Hp
00
£
3
S1U3UJHJ1C
70
<2
H
C^
H
U
cn
Q
2
n
en
X
4
t-
— i*
1
\jt
H
u
r
<
J
<
ea
c
~
t
5
»
c
•s
E
IU
-i
"
r
U
S
C
A
LE
C
U
_
Lin
i
XjC
I
C
t~
3
V
«w
ft
i
*
H
U
a
u
a
c
7
a
m
i
a
3j;
j
.
E
c
F
U
t-
oc
o
c
rr
n
u"
"3
IT
01ji
(t
•n
•»
U
r*
in
UJ
a!
4
01
C
(1
>
E
C
u
§
d
Q
"
4
u
$
C
*N
rP
*,
'0
9
c
og
i t"
D
PI
5
K
i
a
2
c
ff5
S
•
«h-
IX
I
,,1
0
7z
t
"2
.
c
F
«
1
X
a
TJ
C
•;
E
>
c
i
^
SV
*11
wj
."t
(1
1 5
X
c
u.
f
*• o"
•
r
u
s.
'-'
- •-
"~
-Zl
- -
- -
- •-
-
-
-~
-. r.
*
-
-
- -
-
" ~_Z
r^r
- —
- -
—
—
—
L
"""
r ~ni
»_" ~ ~
••_—_
—
- - -
;
!
'
i
•
;
..
-
" •
-^"-i _ -
— • —
- _.
- —
- -- -
— ..
•- - • -
~~~ ~_
v_ ~^~-~
• -
::' \ " - '
~i: ~K-
•
!
"" ["-•
I-
i
l
,
i
— - - —
i .
'
.J
-
-"-_
-
—
..~~— ~
I.Z- ." .
_ _
--, -
,.
- / —
•Elt-"
! _
i-
"5;— 1-_:
T""". ~ rrt
- %.
. _i _ ^
f ~
\ .
,-
:
j
i
. .. i
1i
- -
.
-
-
—
~'..~~~
_"." ..~.~~
.. —
—
— _ .
- .
- _^—
— -
~ ~* "
~rr ~ —
- • -
> — ~~~I:
- . r: •
" /
' i
•
,
J
-
-
-
::.
-
-
'•"/
-{
-
; •
|
r-
'
s^
•
~
-
/
>/f '
.
-
•
--
- •
—
~~r~
rzz.-
_ .,
—
—
-~
rl~
r_ r
-
~~
~'.~~
— — —
"
1
-
'-'-'.
i —
—
—
f_ _
^:-_-
f- -
. _
H^ ~_-~
"-•-
i^  —
_
-
— '
•
".
--
— —
~{rL:_
r_. . i
.. . —
. .. —
-- -
- "~JT
"-•"•Eri
— ~ "Z
—
-. i - ~ ~~
•
•
'. : ~.r
• ]
- '•
•
;
'.
j
t
t
t
*
1
I
- t
--
'
- " t -
. . 1 .
. .
- .
 t .
- • - -
^ —
— - -
t —-
t—
- •
" - t -
-['
'
'
1
I
1
t
4
Ru
N
O
9
fa
o
a
o
10
9
o
IJ
g
n
a
n
o
'D
T*
a
01
o
o
o
U)
n
JJJ
Dj
O
tt
U
utt
a
4
E
|
U)
H
a,i
•fri
•eni
•fci
cu
n
tl
TJ
3
O
a
o
o
<u
•a
o
£
c0
Q^
~c
c
HQ
£
D
O
nnvinvA UN
71
as °LJ £ -
8 25 o4 -
*
* 3
i
°!
a
S
M
j is;
•i
c §
e
u
ui 0iv^
U K! f-
u
" i
3 J .c  ..
<
0
rr l!
3«32>-_a
• v * « *;
-'^ <>•* 5
n^
i.
-=- -
-J. !.
:-l_j.
. ni
"— .~ i _n.
T
• t
==
— 4
I _T-
-(.-:
5
oi
u
ultr
3
d
ui
a.§
4.
f
(N
CU
•D
3
C
C
oo
"3
73O
E
<o
c
<
pH
O
£
3
siu 1UVIHVA IT
72
CM
a,
oo
•fei
c
a;M
•cj:
Q.
W
o
C
0)
c
c
H
Q
03l_
c-
73
H ?
J *
•k S *
a "•
* 4 k3 3
1
 •• -. .
"i
^** —
»• .•" 7
' ! "'
1
r -j 7
J * * * * f *
• t
fl'S
isjii
M '
_ i
- • ! i l
•K
i i i , :-ht-^:
1 1
, -f
! ! I
-i 3s-
^5=¥
: I 1
!-. - t
-- .
«M
2i
O
2
O
E
4^
O
Q.
V]
(1)
u
3
74
I
»
f 1 1 I 4 1 1
J! a *
I ji 5! *•>„; .
• *l M * *J I _• .
I * iiP :.
•llt!!!i!!!i
!'.!!
esi
a
z
CM
2
CM
£ii
2
•©«
CM
X
o
<D
C.
CO
^H
(U
75
I
•
c
o
4->
(Uo
<TJ
•o(U
a0
a
CO
a,
cu
Q
<Q
H
(0
c
0}
3
0>
I
«
»I
o!
'J c x
i r °
1 i -
< C >
u ;
iii
i
3 i •£ 0
r-
- x =O o
£ u. O
3 o ,.'
< C <U C HI
. n i l
•: i
5 I
2: 7C?
r*>
-io
* Ck.
C3 ' -^
_jj
s
5
-i
~~ 2
u
j
c
C >j
5
<
- '£
". U
L
Q
£3
Q
c
o
•—*4_l
O(0
Q)
(U
P
6
o
3
"O
2Q.
0)
o
w
OJ
c
<u
M
C
0)
o
u
8
0)
— ^U.
77
«••
s
o
z
ce
X
-
£
a
<• j u$ < c5 i c
r~ .0 i
i H
0 , ^
1 C
5
i B
3 W
" 01
-1 2
<! i 3-
c !• 3i- .- ji
i
c
>
; i
C! (j c
cr. \
c E
— -<l < .
c< L-
«.
0 1
c
 n
a • 2
X - C
H 5 I
-5
0 •*
V\ 4 ,^
-. U. &
I i
2T ~ *~
<C; ~1
1— - cli
m
u
5
«;
U
"~
«•
C
C
S
1
t
r
•^
a
Ul
g\
<
u
1
l»
H
c
a
C
—
-2
' S r
7
<-
U
j
'-
' II
I
'J
) ii
' M
: *•
0
1
1-
Ui
I
m
3
*l
i
S
0
E
S
»
s.
c
~
•3
(
,
i
1
i
1
t
"ii;
UJI
a
s
t
t
t
.1.
- -.) -
: J. -
_i-ii. ~. . .
. . ii
--" i -
.
— — -
— ]~
-
•Lr :irE
- — » —
t ^^
s^f* -
-/-— -~
., . _.
"Irjir.
—
— t - —
__
 +
t
P-
- r ^
i T-~~
.1
-_-{-:•-i —
4- .,
J
_ I
i '
-! -
!
i
i
j
— —
t
1
t
. 1
\
: 1
:::.! -'
4 -
t — —l
- . f — '
- -- —
•— - r * - *
:. "-'r \^
^^^
^^^
- ~. T^^-r "-*~
-
—
_
,
—
2 .
, — . —
; _
_. _ '
.-- -~~ '
tl~
t -
|
*.":-i: .""
t
- i ..-
- !
1
i
i
!
I
I
t
l
1
4
— t
t
- 1 .
•iL-ii;
5
_--;--
.
— - — —
•^r '.—-.
_~~ 1 ' H
1 — - —
'— ~— :r
—
„
. —
— _
 :_-
~
.
.•!..•_
.. i: . •
, —
i
J
:
"":. !
:_"!
-: • - -ji
•iF"
^
— . _ _.
— ;
r"*~^:r— —
— .
i ~~~~
—
— , —
_
—
— .. —
---.
~ii — : _"~
— . .
—
—
i-:-t
i
i
• 1
t
1
l
•
1
1
1
t
' /
/
, /
/
/S/ .
". .
1, — "
.
—
1 .
— . 1 -
,
_
-.
— - •-_ -
- - '
- .
.
- -
; -
;
-•
t
,
i
t
1
/ ;
/ ;
:
.
-
,
-*•
~ - ". —
. _ * i
~- —
- - - - - -
-
"~ —
.
 r
_ — _ — .1
- - - -
". j "*. .
• . _ .
,
•
,
- _ - -
;
-
- ' •--
j
^*~^
~'
N -__
)/
,c^~
^ .^
...1"_' ~ —
- 1 - -
— — •
, -
—
^
r_ —
-IT. . ' - -
_T~ ~ !.
I
,
t
ii
i
J
1
i
j
<
j
/L
—
~-_
~—.
. _
^s.
X
_,
—
.._
- -
J
A
-•
'-
— '_
_
::I~
n_"_
r _!_!**
.
—
--
-"
b
o .O <!N
 s
<w
O
S3 § '
c
ID
0 02 -"(0 i-
4-*
0
o 7!
UJ ^J
o
0 * -
in •** rt10 4-J O
-~- f+
^ o
C2 *0
r\ . .. .
o n
7 a. —
£}
o 3
c o
o " o 23 IJ ~-t Z7
 § o ~*
5 « §< CO C
^ Z o
c ijj " c
n o *- 5
i £ ^
u o
= X
U "->
n a
 3
? 0
a b
ui C.
S 5 •«S 1 o
(0
r*
o 5
01 <
H
S i"£ S
£
3
o S1
ac,
*
0
a jiji i
78
CM
•e
cu
I
X
O
i
c.
co
2i
co
CO
ot
II
Cu
i
O
i
•£*
«4
I I
HI
co
"Z,
co
O
i
CO
2
UH
O
O
CO
Q
iv."
(U
o>
II IIIM'.V^VM
79
0)
c
<a
M
o
.c
a
o
o .jf s
w <-
O Q)
r1 -c
•D^T
C *""*
c
Q ?
2 fe
>^-i »
O nj
r- C5 i
o 5
CD _C
-^ *4-(S o
£ <D
"- O
(0 t)
r1 w
« a-
E <u
H
do
£
3
O)
i<J
CD
80
I
o
JZ
of-l
T3
I
W
o:Q
to £
_-• •**< cG J
2 31
U-4 -C0
 ffl
1 2
u "3
CJ
<U
G.
_ 6 Z 5
.2 c
*j (U
<B —E h
S o
3 «-^4 ^1O O
C c
1- 0}
TJ U,(0 Q
Si
0
81
5
r
u ^ <tn 2 ji
U) O X
I o°5 4 -
5 n
5 Q
N
2 5 -
ui u
58 I
u u 5
I I ,
u
i!
^ s
Uj 5
i, i
t
Q U
7 ujI a
U UJi a
5 OC
a
j u
4 O UJ I
I Ul
&L
5
<
o
°.
 ( JIt • S
•3°i-uj< j
5 w 3 a<S >~j: gji
i 1
r
v;1
''"J-'S
*•* c
'rt I 5i .^ o
j -
.1 —
—I
-f"
-f~"
L-,
EEl:
—t-
"H-:-i
-•t •j
•:fc
... 1 _ _
t -
rf:
•-1
-1
Ul
C
03b£
Q.
W
o> c
2 o
O ±!
I <"
u n
. ' ^
Q 1
00 0)
j= £
° CO
c enO <u
1 i
Q) u-i
S <"
OJ «-•
<D
O O
c «
•~5 U
(0 ^NC C
-< 0)
< -°O c
2
01
IkN
82
0]
ato
oj=
a
o
o
o
—4
co
3
1—4
COQ
CO
TJ
(0
<Q
a<
cu
(0
.-- S -, °
n o(U C
*-• o
2 w
E Q)
cu
OJ
« 5
0
 i
« §
4->5 <uo
< (0
0)
I
o
O
w
5IC3
Ou
Q
a,
5 c
••-<
Q I1—4 fO
2 -5,
o
c
o
<y 7%
*- c
Q) (U
-C W
E a
o „
_«
i_
C 4-1
o "c
D 0)
g «
C C
o g
u 10
—t L.(0 O
c
 a
CO
< o
H
<M
84
CO
CO
Oi
CM
o
I
&
co
CO
U
CO
O
W
U)
I
(U
a
•a
-^ H
ui
<u
u
•c
Q)
a
(0
c
O
H
CO
CM
a>
3
M
 Q5 < o < *
" j a u i i
j I- I' C. I tfl
? T ; .i •; ^
- ' t
' * -.: ;"
>o ^ ' -
1
,
i
0)
3
X
wi
e
CO
CO
CO
o
'I
2
II
Ou
I
o
!
2i
CO
2
CO
o
CO
T3
a
a-
CO
Q
CM
86
ain
o
a.
o
x:
o
•oi
w
LO
(U
3
CP
.Q
I I I. l v' UN
87
<H
COI-
1
u
en
Q
w
X
2
•3-
?
s
u.
<
a
5.
f
M
a
r*t
i
ilu
/in
e
u
hi
c
e
UJ
_
f
r
U
.
(.(P
5!
c
u
o
<
c(fl
3
V
J
r
UJ
a
u
5
?
o
i 3.
U)
X
c.
^j]
r
I
:
• /I
U
^
cc
u
a
a
n
-' -
i
i
-
iu
u
|o
S 3
u
0
n
t- 0
r u
i H
ii
j
;
c L
T Ir1
U ujj a$ n
i1
: o
d
\. !
,_ i-
< i
Z M
4
IvT ,
~-~ -
1
3-' "l
X
r
:
C
X
t
c
I
V
2.
i
K
•S
a
u
1
tI
1
1
1
-i
i '
--
'
ir _
— - - r
—
"— ' —
~E~r ,"
— .-
L. - .
-
-"
"t:
~r
'.'. . '
~I_: " ' "
!
ti
- -
-
—
i.".
- -
— -~
"-
-
_-
-
^
l
j
i
'
I
- ,
-
• - —
— . —
. ~-~'- _-_
— ..
"- .r^ r -"
"•"/(i:-1
V ~~
ri .. . _
—
•— ~
- 1 -
- -
;
f]
--.
'- -
• -
. ._
' .
1™
- -~
—
~"
- -
-."-
-
":
—
-
-
-- —
_-__
-
l
' r
1
i
!
-
1
•
_.:r_
—
r ~.
:~; ' "
. . . .
— ^ - -
._
-"_:[-
"', -""
' -i".
- -.i
i
1
1
1
•
- * - -
i
-
-
. "_
-
.
.
-
-
— .. .
. '•
:
 r
-
:
:
-
-
-
;
'-
".:.'•.""
-
.
L
_-
- I
;
i
•'
t
•
•
i
i
1
i
!
•
. --
. , -
-
; - • -
•
i
i
!
i
j
l
i
no
o
J
a
»
o
a
a
(0
o
7
9
^
c
o
8
%ou
a
Q
ni
o
o
0in
n
£.
3
<
a
<
c
4
UJ
>-
<Q
O
CO
Q
CO
£
3
(X,
88
a"S
(D
(U
C
10
o
a
o
.c
o
I
en
I
t-H
COQ
CO
"o
£
1—I
£
(0
*o
U
en(4
£
en
_JD
2o
O
Si
a
2
_o
o^^
•ai
CO
m
Q
CO
•a
(0
03
a
o
C O
o ~
03
o
<0
a>
O u
s s
oo
13
Q)
5 w
<£ CO
c oo
3
c
CO
f— -- • - J. -r^ ' ,
: ,-.. -.-,^  ^
J
1 I
 t
1
f t --
- 1 ';i t :
i \
I
it
'1
1 I :j
J1H
1-f . ^~>*m**i :
l__. *J
T>
0)
•t-4
U-l
§ C
'
E
 £
0)c jq
0) ^M i-i
Jfi
O. 0)05
 £
5 «
•&C
. O
.^ 2
0 3
S w tr>
0 C
<p p. — H
^-* v O-
s S §
(0 iC O
<u
(0
EH
C
~H
C
C
o
•»-*
•M(0
c
cu
Q/ c,
"a s
-
CO
u
. .JJ
O
<UW
6
C
=>
• r- <u
o -S, Q-•7 Cn u
•^ 3 ro
<P O ^
ra 0)
£ S £
<0 3 (0
>J CC CO
. ,<• — ,^
 ? --.-,,-=(
4
i
..^^ ^ - -a
i -1 ^
J
 j IB
]
t
.1
)
j '
J
J
. i
t
-
,
y
-*• — ^j
 a
- X.^ 4. ^
c -^t5
 £
a)s *~*
(0 ^
a a> ts
|||
^ o ^ID ^
• £ Q)
0 3 0 .Ss w0 50> CL ?
« m Q)
.5 L. Q.
£ aj £
CO >*-i (0
H-3 <C CO
W <B
r* •— 'it5 (0
o w
a ^ J
W (TJ
x •y
D> °
3 w
O tfl
5 £
C 0
Lj ^H
•»*
 t-<
m H
..
O)
0
3
&^H
IX,
91
DISTRIBUTION LIST
COPIES
National Aeronautics and Space Administration
Lewis Research Center
21000 Brookpark Road
Cleveland, Ohio 44135 - :
ATTN: Contracting Officer, MS 500-313 1
Technical Report Control Office, MS 5-5 1
Technology Utilization Office MS 3-16 1
AFSC Liaison Office, MS 4-1 2
-Library, MS 60-3 2
Office of Reliability & Quality Assurance, MS 500-111 1
R. H. Kemp, MS 49-1 1
Polymer Section, MS 49-1 15
T. Gulko, MS 49 1
N. T. Musial, MS 500-113 1
National Aeronautics and Space Administration
Washington, D. C. 20546
ATTN: B. G. Achhammer, Code RWM 1
NASA Scientific and Technical Information Facility
P.O. Box 8757
Bait/Wash International Airport
Maryland 21240
ATTN: Accessioning Department 10
National Aeronautics and Space Administration
Ames Research Center
Moffett Field, California 94035
ATTN: John Parker 1
National Aeronautics and Space Administration
Flight Research Center
P.O. Box 273
Edwards, California 93523
ATTN: Library 1
92
COPIES
National Aeronautics and Space Administration
Goddard Space Flight Center
Greenbelt, Maryland 20771
ATTN: Library
National Aeronautics and Space Administration
John F. Kennedy Space Center
Kennedy Space Center, Florida 32889
ATTN: Library
National Aeronautics and Space Administration
Langley Research Center
Langley Station
Hampton, Virginia 23365
ATTN: V. L. Bell
N. J. Johnston
National Aeronautics and Space Administration
Manned Spacecraft Center
Houston, Texas 77001
ATTN: Library
Code EP
National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Huntsville, Alabama 35812
ATTN: J. Curry
J. Stuckey
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91103
ATTN: Library
Office of the Director of Defense
Research and Engineering
Washington, D. C. 20301
ATTN: H. W. Schulz , Office of Assistant Director
(Chem. Technology)
93
COPIES
Defense Documentation Center
Cameron Station
Alexandria, Virginia 22314
Research and Technology Division
Boiling Air Force Base
Washington, D. C. 20332
ATTN: RTNP
Commander
U.S. Naval Missile Center
Point Mugu, California 93041
ATTN: Technical Library
Commander
U.S. Naval Ordnance Test Station
China Lake, California 93557
ATTN: Code 45
Director (Code 6180)
U.S. Naval Research Laboratory
Washington, D. C. 20390
ATTN: H. W. Carhart
Picatinny Arsenal
Dover, New Jersey
ATTN: SMUPA-VP3
Aeronautic Division of Phiico Corporation
Ford Road
Newport Beach, California 92600
ATTN: L. H. Linder, Manager
Technical Information Department
Aeroprojects, Inc.
310 East Rosedale Avenue
West Chester, Pennsylvania 19380
ATTN: C. D. McKinney
94
COPIES
Aerospace Corporation
P.O. Box 95035
Los Angeles, California 90045
ATTN: Library-Documents
Office of Aerospace Research (RROSP)
1400 Wilson Boulevard
Arlington, Virginia 22209
ATTN: Major Thomas Tomaskovic
Arnold Engineering Development Center
Air Force Systems Command
Tullahoma, Tennessee 37389
ATTN: AEOIM
Air Force Systems Command
Andrews Air Force Base
Washington, D. C. 20332
ATTN: SCLT/Capt. S. W. Bowen
Air Force Rocket Propulsion Laboratory
Edwards, California 93523
ATTN: RPM
Air Force Flight Test Center
Edwards Air Force Base, California 93523
ATTN: FTAT-2
Air Force Office of Scientific Research
Washington, D. C. 20333
ATTN: SREP/J.F. Masi
Commanding Officer
U.S. Army Research Office (Durham)
Box GM, Duke Station
Durham, North Carolina 27706
95
COPIES
U.S. Anny Missile Command
Redstone Scientific Information Center
Redstone Arsenal, Alabama 35808
ATTN: Chief, Document Section
Bureau of Naval Weapons
Department of the Navy
Washington, D. C. 20360
ATTN: DLI-3
Chemical Propulsion Information Agency
Applied Physics Laboratory
8621 Georgia Avenue
Silver Spring, Maryland 20910
University of Denver
Denver Research Institute
P.O. Box 10127
Denver, Colorado 80210
ATTN: Security Office
Dow Chemical Company
Security Station
Box 31
Midland, Michigan 48641
ATTN: R. S. Karpiuk, 1710 Building
General Dynamics/Astronautics
P.O. Box 1128
San Diego, California 92112
ATTN: Library and Information Services (128-00)
General Electric Company
Re-Entry Systems Department
P.O. Box 8555
Philadelphia, Pennsylvania 19101
ATTN:; Library
96
COPIES
Allied Chemical Corporation
General Chemical Division
P.O. Box 405
Morristown, New Jersey 07960
ATTN; Security Office
American Cyanamid Company
1937 West Main Street
Stamford, Connecticut 06902
ATTN: Security Office
ARO, Incorporated
Arnold Engineering Development Center
Arnold Air Force Station, Tennessee 37389
ATTN: B. H. Goethert, Chief Scientist
AVCO Corporation
Space Systems Division
Lowell Industrial Park
Lowell, Massachusetts 01851
ATTN: W. S. Port
Battelle Memorial Institute
505 King Avenue
Columbus, Ohio 43201
ATTN: Report Library, Room 6A
The Boeing Company
Aerospace Division
P.O. Box 3707
Seattle, Washington 98124
ATTN: Ruth E. Perrenboom (1190)
Celanese Research Company
Morris Court
Summit, New Jersey
ATTN: J. R. Leal
97
COPIES
Monsanto Research Corporation
Dayton Laboratory
Station B, Box 8
Dayton, Ohio 45407
ATTN: Library
Rockwell International
Space & Information Systems Division
12214 Lakewood Boulevard
Downey, California 90242
ATTN: Technical Information Center, D/096-722 (AJ01)
Northrop Corporate Laboratories
Hawthorne, California 90250
ATTN: Library
Rocket Research Corporation
520 South Portland Street
Seattle, Washington 08108
Rocketdyne, A Division of
Rockwell International
6633 Canoga Avenue
Canoga Park, California 91304
ATTN: Library, Dept. 536-306
Rohm and Haas Company
Redstone Arsenal Research Division
Huntsville, Alabama 35808
ATTN: Library
Sandia Corporation
Live rmore Laboratory
P.O. Box 969
Livermore, California 94551
ATTN: Technical Library (RPT)
98
COPIES
Thiokol Chemical Corporation
Alpha Division, Huntsville Plant
Huntsville, Alabama 35800
ATTN: Technical Director
United Technologies Corporation
United Aircraft Research Laboratories
East Hartford, Connecticut 06118
ATTN: D. A. Scola
Hercules Powder Company
Allegheny Ballistics Laboratory
P.O. Box 210
Cumberland, Maryland 21501
ATTN: Library - , . _-^
Hughes Aircraft Company
Culver City, California
ATTN: N. Bilow
Institute for Defense Analyses
400 Army-Navy Drive
Arlington, Virginia 22202
ATTN: Classified Library
ITT Research Institute
Technology Center
Chicago, Illinois 60616
ATTN: C. K. Hersh, Chemistry Division
Lockheed Missiles & Space Company
Propulsion Engineering Division (D.55-11)
1111 Lockheed Way
Sunnyvale, California 94087
99
COPIES
Lockheed Propulsion Company
P.O. Box 111
Redlands, California 92374
ATTN: Miss Belle Berlad, Librarian
•McDonnell Douglas,Aircraft Company _
Santa Monica Division
3000 Ocean Park Boulevard
Santa Monica, California 90406
United Technologies Corporation
Pratt and Whitney Aircraft
East Hartford, Connecticut
ATTN: Library
Westinghouse Electric Corporation
Westinghouse Research Laboratories
Pittsburgh, Pennsylvania
ATTN: Library
TRW Equipment Lab.
Cleveland, Ohio
. ATTN: W. E. Winters
P. J. Cavano
100
MAY 77 F
